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ABSTRACT 


Backward elastic scattering of protons from *He in the 
intermediate energy region has been studied by measuring differ- 
ential cross sections for ten proton energies between 185 and 
500 MeV in the angular range 144° to 168° in the laboratory system. 
The p- ‘He analyzing powers have also been measured for seven energies 
in the same angular region. In addition, differential cross sections 
at six proton energies and analyzing powers at three energies are 
also presented for the reaction +He (p,d) 3He, 

The elastic scattering differential cross sections do not 
show the marked backward peaking that has been observed at both lower 
and higher energies. The possible structure in the 180° elastic 
scattering excitation function suggested for energies near 240 MeV 
is not observed. The analyzing powers are large and negative, and 
show strong dependence on both energy and angle. Changes in the cross 
section angular distributions, the analyzing power angular distrib- 
utions, and the 180° excitation function are all evident near 200 MeV. 
The results obtained in this experiment are compared to previous 
measurements. 

In contrast, the tHe (p,d) 3He differential cross sections 
are strongly backward peaked. The cross sections and the 180° ex- 
citation function for *He (p,d) are very similar to those for the 
3He (p,p) reaction. The 4He (p,d) analyzing powers are small and 
negative, and show less energy dependence than do the p-‘He elastic 


scattering analyzing powers. 
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Several theoretical interpretations applicable to these 
data are discussed. The elastic scattering results are not in 
close agreement with existing triton exchange model calculations 
at the lower energies. Some phenomenological comparisons of the 
+He (p,p) and +He (p,d) cross sections are discussed. Suggestions 
are made for possible theoretical calculations and for future ex- 
perimental measurements which may clarify the reaction mechanisms 


involved. 
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The elastic scattering differential cross sections 
VS. CoS Ocm, for the following energies: ©: 185 MeV, 
present data; @: 300 MeV, present data; A: 440 MeV, 
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®: 648 MeV, (Be-76b). The curves are triton 


exchange model calculations (Le-76) at 298, 438 and 
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The elastic scattering analyzing powers as a function 


of Olab, shown separately for each beam energy. The 
uncertainties shown are the statistical uncertainties 
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Proton-deuteron backward elastic scattering via (a) 
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(c) the 'triangle' mechanism. 
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plotted as a function of the variable 'u'. The 
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42. 


43. 


4h. 


45. 


The +*He(p,d) “He differential cross sections as a 
function of the variable 'u'. The curve shows the 
u-dependence expected if the reaction is dominated 
by deuteron exchange. 


The *He(p,d)°He differential cross sections as a 
function of the variable '-t'. 


(a) The triton exchange diagram for p-‘He elastic 
scattering. .(b) The deuteron exchange diagram for 
the reaction p + ‘He > d + 3He, (c) The deuteron 
exchange diagram for p-%He elastic scattering. 


The differential cross sections for the reaction 
4He (p,d) 3He vs. cos Ocm and Ocm. The lines 
represent an exponential fit to the data as a 
function of cos Ocm. 


The ratios of the 180° extrapolated cross sections 
for the reactions indicated as a function of proton 
energy. 


The analyzing powers for the reaction *He(p,d) ?He 
as a function of 0jgp, shown separately for each 
beam energy. The uncertainties shown are the 
statistical uncertainties only. 


A diagram of the general process a+ b~*c+d, in 
the center of mass system. 
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CHAPTER I 
INTRODUCTION 


The goal of this study was to measure differential cross 
sections and analyzing powers for proton elastic scattering on 
helium-4 at large scattering angles for energies between 185 MeV 
and 500 MeV. If aie employs a particle exchange mechanism to ex- 
plain the backward scattering cross sections, then it is expected 
that the large momentum components of the wave function of the 
exchanged particle in the initial nucleus are probed and considerable 
nuclear structure information could be extracted. Comprehensive 
polarization angular distributions in the backward direction would 
also aid in clarifying the details of the reaction mechanism, as 
one is then sensitive to interference between different amplitudes. 
The motivation behind the experiment, then, was to provide data 
which would assist in testing recent theoretical predictions in this 
region. 

One of the first experiments on proton-*He elastic scattering 
eeaingernedsate (approximately 200-800 MeV) or high energies (> 800 
Mev) was done by Palevsky et al. (Pa-67) at 1 GeV. Another early 
experiment was by McManigal et al. (McM-65) at 725 MeV but over a 
limited angular range. Shortly thereafter, Boschitz et al. (Bo-68) 
and Gotow et al. (Go-68) did experiments at 58/7 MeV and 540 MeV, | 
respectively. However, it was not until a measurement by Baker et al. 
(Ba-74) which repeated the 1 GeV experiment and showed an important 


difference from the Palevsky data (Pa-67) that the interest in p-*He 
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scattering broadened considerably. Many theoretical papers followed 
the early data. Most of these discussed the 1 GeV data (for example, 
see Ba-67, Cz-67, Ku-70, Ik-72 and Gu-75). Other experiments followed 
at 156 MeV (Co-75), 580 and 720 MeV (Ve-75), 600 MeV (Fa-76), 438, 648 
and 1036 MeV (Be-76a), and at 350, 650, 1050, and 1150 MeV (As-77). 
The 1050 MeV data of (As-77) provided the absolute normalization of the 
Baker data, which was arbitrarily normalized. The majority of these 
experiments concentrated on the first minimum in the differential 
cross section, the region of the discrepancy in the 1 GeV data. Two 
very recent experiments (Ge-77 and K1-77) independently remeasured. the 
cross sections at 1 GeV and both experiments favoured the Baker data 
in shape, although they disagreed in absolute magnitude. A recent 
calculation (Wa-77) of a multiple-diffraction theory, including the 
effects of the A(1236)-intermediate state process agreed with the 
latest experiments (Ge-77 and K1-77). 

A common characteristic of these data was that they were 
limited to forward angles. Few data points (except Co-75) were taken 
past onus 50-709. The intermediate angle region and the back angle 
region above 156 MeV were largely unexplored. A second limitation was 
that little polarization data existed. Experiments having polarization 
measurements included only McManigal (McM-65), Gotow (Go-68), and Klem 
et al. (K1-77a), again all in the forward region. 

Recently, however, Berger et al. (Be-76b) measured backward 
p-*He elastic scattering cross sections at equivalent proton energies 


(their experiment used a helium-4 beam on a Hg target) of 298, 438, 
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648 and 840 MeV and found some very interesting results. They re- 
ported that the slope of the cross section near 6. 180° was mildly 
negative at 298 MeV, slightly positive at 438 MeV, and sharply 
positive at 648 and 840 MeV. 

Previous experiments extending to the backward region at 
100 MeV (Go-70), 147 MeV (Co-59) and 156 MeV (Co-75) all showed 
strong backward peaking aeatne cross section. Only Cormack et al. 
(Co-59) reported measuring polarizations in the region. A single 
data point also existed at 665 MeV at 0 om = 1699 (Ko-70). 

In contrast to the scarcity of p- ‘He data, however, p-d 
backward elastic scattering has been exhaustively studied. From 
14 MeV to 2.5 GeV proton laboratory energy, the experimental data 
display a backward peak rising from 140° to 180° Cwm ~abyutypically 
one order of magnitude (Du-74 and We-77). Many experiments (for 
example, Vi-70, Al-72, Ko-73a and references in Du-74) have also 
documented the 'bump' in the extrapolated 180° p-d elastic scattering 
cross section as a function of energy between 300 and 1000 MeV. 
While one-nucleon exchange dominates the low-energy 180° cross 
sections (Du-74), much speculation has taken place over the cause of 
this 'bump'. N*-isobar exchange (Ke-69) and meson-plus-nucleon ex- 
change, the so-called triangle graphs (Cr-69 and Ko-73b, for example) 
have been oe the mechanisms proposed, but neither approach has 
been adequately shown to be solely responsible fer the observed 
phenomena (No-74 and We-77). 

Frascaria et al. (Fr-77) have measured p-°He backward elastic 


scattering cross sections at 415, 600 and 800 MeV. Their data showed 
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small backward peaking and a much broader and less pronounced 
bump in the 180° excitation function than was evident for the 
p-d case. 

Returning to the p-'He picture at backward angles, Kopeliovich 
and Potashnikova (Ko-71) performed a calculation in terms of the tri- 
ton exchange model and predicted a sharp dip in the 1809 excitation 
Functtons for p- ‘He scattering at approximately 190 MeV. After the 
recent Berger experinient (Bé=76b) was performed, Lesniak, Lesniak 
and Tekou (Le-76) did further calculations onthe triton exchange 
model. Whereas Kopeliovich and Potashnikova used the plane wave 
Born approximation (PWBA), Lesniak et al. improved the theory by 
taking into account the distortion of both the incoming and outgoing 
waves, an effect found to be most iapetPant in that the PWBA cross 
sections were reduced by one to two orders of magnitude at 438 and 
648 MeV. Their theoretical calculations fit the experimental results 
(Be-76b) fairly well in magnitude, although the shapes of the angular 
distributions of the cross sections were not reproduced, especially 
at 298 MeV. They also suggested that a minimum might occur in the 
180° ee function near 240 MeV. Lesniak et al. qualified this 
by santines "This structure at 240 MeV may be however displaced by 
several tens of MeV or partially filled in by absorption effects." 
They went on to state: "The width of the minimum (if present) may 
be of the order of 40 MeV or less." This theory, and others which 


may also be important in backward p-'He scattering will be discussed 


in Chapter IV. 
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It was decided to use the unique properties of the TRIUMF 
cyclotron (polarized beam, easily variable energy and excellent 
energy definition) to investigate p-‘tHe backward scattering in this 
important energy region. Cross section data were taken at ten 
energies between 185 MeV and 500 MeV, employing small (25 MeV) 
energy increments below 300 MeV in a careful search for the predicted 
structure in the cross sections. The analyzing powers were measured 
simultaneously at seven energies in this range. Differential cross 
sections at six energies and analyzing powers at three energies are 
also presented for the reaction tHe (p,d) 3He in this region. These 
data will be Senaren to the elastic scattering of protons from both 
4He and °He. 

The results of these measurements are presented in the re- 
mainder of the thesis. The experimental apparatus is described in 
Chapter II. The experimental data obtained are presented in Chapter 
III. Chapter IV discusses some theoretical interpretations applicable 


to these data. The conclusions of the experiment are summarized in 


Chapter V. 
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CHAPTER II 
EXPERIMENTAL APPARATUS 
ZaueeChoice of Method 


Most experiments in nuclear physics at intermediate energies 
can ba performed in a variety of ways, with each method having par- 
ticular advantages and disadvantages. In planning an experiment, 
each choice of method must be carefully weighed. It was decided 
to perform this experiment using a liquid helium-4 cryogenic target, 
and detector telescopes consisting of a multiwire proportional 
counter (MWPC), a plastic scintillator, and a NaI (Tl) detector. 

The cryogenic target was necessary, because the very low 
cross sections (100-1000 nb/sr) in the region dictated as dense a 
target as possible to provide reasonable counting rates in the 
etter es A gaseous helium target would have been less complicated 
Fo design and to operate, but could not have provided the necessary 
target thickness without being unreasonably long (0.5 cm of liquid 
helium-4 is equivalent to 3.5 metres of gaseous helium at STP). 

Since Ene first a eeed state of helium-4 is 20 MeV above 
the ground state (Fi-73), high resolution is not required of the 
detectors. Thus, detector telescopes including a cylindrical Nal 
(T1) detector (12.5 cm in diameter by 7.5 cm thick) with an overall 
resolution of approximately 1% (St-75) were chosen for the experiment. 


These telescopes had the advantage over a.magnetic spectrometer (the 
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other common detector system used for these types of experiment) 
that they made it mechanically (and economically) feasible to mount 
identical detector systems on either side of the beam, reducing the 
problems due to false asymmetries, and the time involved in col- 
lecting reasonable data. This is especially important in considering 
analyzing power data. 

| The MWPC's were used to determine the position of particles 
(both the scattering angle and vertical coordinate) as they entered 
the detector telescopes. The MWPC's add an important degree of 
freedom to later analysis of the data (see Section 2.6), since the 
fact that a particle passed through any given area of these counters 
could, at that time, be made a requirement for further analysis, in 
addition to the on-line, event-defining logic. In this regard, MWPC's 
have the advantages that they are much less massive than collimators 
would need to be for the particle energies involved, and have none of 
the edge scattering problems that collimators have. 

The back telescopes, measuring the angle and energy of the 
scattered protons, kinematically determined the reaction, but addition- 
al Meee cones with a MWPC and a passing counter detected alpha parti- 
cles in the ennird direction. Protons scattered from *He between 
OL AR = 1449 and 1689 have associated recoil alpha particles between 
13° and 40, as can be seen in Figure 1. The proton and alpha particle 
energies in these angular ranges are shown in Figure 2. The proton- 
alpha coincidence requirement provided redundant kinematic information 


that was extremely beneficial in minimizing backgrounds in the experi- 


ment. 
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2.2 The Accelerator and the Beam Line 


The experiment was performed on the external proton beam 
line 4B of the 525 MeV TRIUMF cyclotron, a joint project of the 
Government of Canada, the University of Alberta, the University 
of British Columbia, Sitter Fraser University, and the University 
of Victoria. TRIUMF is a sector-focussed H- cyclotron which 
has been described in the literature (for example, Ri-65, Vo-66, 
Wa-70, Wa-71, Ri-73, and Ri-75). 

Two ion sources were available when the experiment was 
performed, an unpolarized H source (primarily used during high 
current (> 1.0 uA) operation for meson production) and a polarized 
H source of the Lamb-shift type (which produced low beam currents 
(< 20 nA), primarily for nucleon-induced experiments). The polarized 
source (Ro-72, Ro-75) produced either positive polarization (spin up), 
negative polarization (spin down) or zero polarization; this polari- 
zation could be remotely selected, either from the main cyclotron 
control room or from the experimental station. The polarized source 
produced up to 80% polarization during the experiment, with normal 
operation near 70%. Both sources were used for the experiment, with 
typical beam currents on target of approximately 3-5 nA, although 
occasionally higher or lower currents were used. 

Beam line 4B is shown schematically in Figure 3. EXT4 (an 
abbreviation for eS riractionaprase: beam line 4) is a device which 
strips the H ions to neh ions. These ions then curve in the opposite 
direction in the main magnetic field and come out of the cyclotron, 


providing nearly 100% extraction efficiency. This probe, or stripper, 
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is a thin foil or wire of various shapes and materials (eg. carbon 
or aluminum), depending on operating conditions defined by the desired 
intensity and the beam properties requested by the other cyclotron 
users working in the meson production area. The stripper can be 
moved to select any energy between 185 MeV and 525 MeV. The 
stripper position and the value of the cyclotron magnetic field 
enable beam energies to be determined to within + 1 MeV. CM4 is 

a combination magnet, collecting the an beam and bending it into 

the beam line. Quadrupoles 4VQ1 (beam line 4, vault section, 
quadrupole number 1), 4VQ2 and 4VQ3 and a small steering magnet 
4VSM1 (providing steering in the vertical direction) position the 
beam at the entrance to the bending magnets. If the bending magnet 
4BVB2 is off, the first bending magnet 4VBl directs the beam along 
beam line 4A. If 4BVB2 is on, the beam is directed along beam line 
4B. Quadrupoles 4BQ4 and 4BQ5 and steering magnets 4BSM2 and 

4BSM3 focus and position the beam at 4BTl, the target position used 
for the present experiment. Quadrupoles 4BQ6, 4BQ7 and 4BQ8 collect 
the beam after the target and focus it into the beam dump. 

The elements labelled 4VM1, 4VM2, 4BM3, 4BM4, 4BM6 and 4BM8 
are beam profile monitors, normally wire chambers or "harps', which 
present a wire-by-wire profile of the beam in two dimensions to the 
control room. This information is used to tune the beam line to 
a particular energy or to monitor the beam profile after the target 
(4BM6) to ensure that the beam does not drift off center or defocus 
with time. In addition, a scintillator screen mounted at the target 


position 4BT1, viewed by a closed circuit TV monitor, is also used 
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for beam tuning purposes. During the experiment, the beam spot 
at 4BTl was normally approximately 1 cm in diameter, with occasional 


beams, especially at lower energies, up to 2 cm in diameter. 


Zoved J stinyel pea alt il 4He Target 


2.3.1 The Cryogenics of the Target 


As has been discussed in Section 2.1, the ee orient was 
performed using a laignid helium-4 cryogenic target. The cryogenic 
features of the target are shown in Figure 4. The target was de- 
signed with vapour-cooled thermal Padtaeion shields, similar to an 
Orsay liquid helium target (Bu-70). Two concentric thermal radiation 
shields, 'f' and 'g', surround the main helium reservoir 'h" to 
prevent direct heat transfer from the 300°K outer vessel to the 4.2°K 
helium reservoir. The shields are cooled by cold helium boiloff gas 
from the main reservoir, which passes through 0.3 cm i.d. copper tubing 
soldered in helical fashion to the shields. Thinwall stainless steel 
tubing links are used to isolate the three main components thermally, 
with couplings 'd' utilizing replaceable aluminum gaskets to allow for 
disassembly. Three nylon bolts, 'o', 120° apart Bene to keep each 
shield concentric with the reservoir or the inner shield, to prevent 
contact between these components. (Nylon is used because it has low 
thermal conductivity and because it ined not become brittle at cryo- 
genic temperatures. ) Any direct contact would destroy the thermal 
isolation and cause the liquid helium to vapourize. A cylindrical 


copper extension 'p' to the outer shield surrounds the sample cell region. 
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FIGURE 4. The helium target cryogenic details, with (a) fill inlet, (b) 
interior pressure gauge,(c) gas boiloff line,(d) mechanical 
coupling,(e) vacuum system connection,(f) outer and (g) inner 
radiation shields,(h) main liquid 4He vessel,(i) cell boiloff 
standpipe,(j) fill tube receptacle,(k) target cell,(1) dummy 
cell,(m) vertical position stop ring,(n) rotation sprocket key, 
(o) spacer bolts (1 of 3 shown),(p) radiation shield extension, 
(q) bottom spacers, and(r) scintillation screen. The scale is 
only approximate, especially for small dimensions. 
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Another spacer 'q' keeps this extension and the outer thermal 
shield concentric with the outer vessel. 

The reservoir, the exterior surfaces of the two radiation 
shields and the feed and boiloff tubes to the target cell are all 
insulated with eight to ten layers of crinkled, aluminized mylar 
(superinsulation) alternated with layers of nylon mesh to thermally 
separate each layer of aluminized mylar. In addition, the bottom 
extension piece is wrapped with one layer of superinsulation so 
that heat cannot pass directly to the sample cell from the outside. 
With this insulation, the reservoir (15 litre capacity) suffices to 
keep the cell full for up to 36 hours. 

Another feature of the target was the ability to change 
target cells with reasonable ease to accomodate different experimental 
requirements. Target cells, shown in Figure 5, consist of brass or 
stainless steel bodies with 5.0 cm square apertures, and with thick- 
nesses of 0.5 to 2.0 cm. The target cell used for the present experi- 
ment was 0.5 cm thick (nominally) and was constructed of brass. A 
brass cell was used because it was much easier to attach windows to 
it. These windows (25 um nickel foil) were soldered directly onto 
the cell bodies. Thin plates were bolted onto the body on top of 
the nickel windows to prevent the foil from peeling off under the 
one atmosphere (or more) pressure that is Paces outward from the 
target cell during operation. 

Originally, the cells were attached to the main body of 
the cryostat with a coupling using indium seals. A groove, 1 mm wide 


save 1 mm deep was machined around the feed and boiloff apertures on 
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the top of the cell body. These grooves were carefully filled with 
indium wire and the cell body was bolted onto a stainless steel 
block at the end of the tubes coming down from the reservoir. This 
block had two matching projections on it and when the two parts 
were bolted tightly together, the indium wire was expected to flow, 
making a leak-tight seal around the two apertures. However, 
difficulties were experienced due to the repeated failure of these 
seals under thermal cycling, so a more straightforward coupling 
method was adopted. Two stubs were hard-soldered onto the top of 
the sample cell (see Figure 5), and the block on the feed and 
boiloff tubes was removed. Then the stubs on the sample cell were 
passed over the ends of the tubes and soft-soldered into place. 
Although some care had to be taken during this soldering due to the 
abundance of extremely flammable superinsulation in the immediate 
Vicinity. ae method of attaching the target cells has proved to be 
very reliable, even after repeated thermal cycling. 

As can be seen in Figure 4, the target cell is gravity 
filled, with liquid helium entering the cell from the bottom. The 
helium gas boiloff emerges from a top hole in the cell through a 
25 cm high standpipe 'i' inside the reservoir, in order to minimize 
the accumulation of gas in the target region. 

The insulating vacuum space is pumped with a standard 5.0 cm 
diameter oil diffusion pump, backed by a mechanical pump which is 
also used to pump out the vacuum space to a rough vacuum. The valves 
in the vacuum system are pneumatic and are controlled by a protective 


interlock system, utilizing thermocouple vacuum gauges with setpoints 
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connected to the interlock circuitry. Should the cryostat pressure 
or the pressure in the diffusion pump rise past these setpoints, 
valves are automatically closed and the diffusion pump heater is 
turned off to prevent damage to any part of the system. A high 
vacuum ionization gauge is monitored continuously from the rémote 
controls location, as are valve positions and the reservoir level 
(this latter capability was not utilized during the present experi- 
ment). Typical pressures in the vacuum weasci gene oe 1073 Pa at 
room temperature, 6-10x107* Pa with LNg in the reservoir during the 
precooling period, and 1-4x107' Pa with liquid helium. (The many 
layers of superinsulation inside the cryostat trap air and act as 
virtual leaks, making the room temperature pressure higher than 
might be expected.) 

A typical start-up sequence began by pumping the cryostat 
to a high vacuum for at least eight hours, and preferably twenty- 
four hours. Then the helium reservoir was filled with liquid nitrogen. 
This precooling stage allowed the radiation shields to be cooled by 
the No boiloff gas and lasted another eight to twenty-four hours. 
Then the liquid nitrogen was blown out and a small resistive heater 
heated the target cell to about 90°K to ensure that the liquid nitrogen 
was exhausted before the liquid helium transfer was initiated. The 
liquid helium transfer tube was inserted into the feed line 'j' in 
the ia Ll and a sufficiently high pressure (= 13 kPa) was 
maintained in the helium container to ensure an adequate flow of cold 


gas through the target cell and then through the relatively long 


radiation shield tubing. When optimized, the initial transfer rate 
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was 3-4 litres of liquid helium per hour and approximately 25 hours 
were required to initiate liquid formation in the target vessel. 
During initial tests, diode sensors were installed on the target 

cell and on the inner and outer radiation shields, in order: to 
monitor the cooling rates. The shields reached ultimate low 
temperatures of 20°K and 80°K, respectively. Approximately 30 litres 
of liquid helium were required for the initial filling. The target 
was refilled routinely every 24 hours, with a refill typically re- 
quiring one half hour. The helium lifetime was so constant during 
the experiment that it was not necessary to use the reservoir level 


sensing apparatus. 


2.3.2 The Target Positioning Mechanism 


A necessary addition to the target is an empty target cell 
that can be quickly inserted into the beam to determine contributions, 
if any, from thecell body and the windows. The target assembly 
therefore includes a ‘dummy ' cell and a scintillator screen for beam 
focussing and alignment ('1' and 'r', Figure 4, respectively), as 
was discussed in Section 2.2. A remote controlled target elevator 
is used to position the assembly at any one of the three positions. 
In addition, some experimental detector configurations, eg. detecting 
scattered particles near 90°, require that the target be rotated 
about a vertical axis. The target elevation and rotation system 
accomplishes both of these motions while maintaining the beam line 


vacuum integrity. Figure 6 shows these systems, with the target in 
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the lowest position (Figure 6 (A) te ny is the real target 
position, and in the middle position (Figure 6 (B) ie the dummy 
target position. The elevation system is pneumatic, with the 
cryostat mounted inside a brass cylinder 'd' that serves as a 
pneumatic plunger. Lifting is accomplished by opening a solenoid 
valve to a compressed air line tel, The air, entering the expansion 
space '1" provides the lifting force against the large atmospheric 
loading. Lowering is accomplished by opening a venting solenoid 
valve. Microswitches sense that the assembly has reached the de- 
sired position and close the appropriate valve as well as sending 
a confirming signal to the control panels. To reach the middle 
position (the dummy cell), three equally spaced plungers 'f' are 
activated and act as stops against which the cryostat stops. 
Therefore, the middle position must be reached from below (the full 
target) and the cryostat may not go from the middle to the high 
position without ies lowered first to allow the plungers to re- 
tract. Rotation is accomplished via an electric motor 'b' with a 
chain drive 'c' and a direct potentiometer angle readout. (The 
target rotation capability was not needed for the present experiment.) 
A set of four O-rings, one above the expansion space 'l', 
two immediately below the space and one further O-ring at the base 
of the brass cylinder 'd', serves as a combination sliding-rotating 
seal. This last O-ring 'm' had to be added when it was determined 
that the brass cylinder, which was a casting, was porous, allowing 
air to seep past the upper two O-rings and enter the vacuum space 


"i" below. This added O-ring corrected the deficiency to the point 
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where tests showed that the lifting operation had a minimal 


effect on the rough beam line vacuum. 


2 The Scattering Chambers and the Detectors 


2.4.1 The Scattering Chamber 


The general features of the beam line were presented pre- 
viously (Section 2.2). In this section, the apparatus directly 
associated with the experiment will be discussed. This apparatus 
is shown in Figure 7. The scattering chamber used for the ex- 
periment was a rectangular box, measuring approximately 80 cm long 
by 60 cm wide with an extension piece, the ‘'horn', attached down- 
stream from the target. This horn, 185 cm long and 142 cm wide at 
the ier end, permitted the detection of scattered particles in 
the angular region from 39 to 159, Also, since the scattering box 
and the horn were maintained at a rough vacuum, multiple scattering 
effects of a long flight path were minimized. The upstream end of 
the scattering box had a flange on it, enabling scattered protons 
to emerge through thin windows over the angular range from 141° to 
172i a saveron, the sides of the box had apertures enabling 
particles to emerge through thin windows between 359 and 105°. 

The windows on the upstream side of the box consisted of 


130 um Kapton-H foil,* while the side windows were of 250 um Kapton 


*Kapton-H Polyimide Foil, E. I. du Pont de Nemours and Co. 
Inc., Circleville, Ohio 43113. 
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foil, as were the windows on the horn. Also at the exit of ‘the 
horn, thin sheets of aluminum, from 0.079 cm to 0.318 cm, depending 
upon the beam energy, served to prevent low energy electrons from 
entering the detectors. In addition, the helium target had 80 um 
of Kapton around the target cell to separate the (good) target 
vacuum from the (rough) scattering box vacuum. A thin metal foil 
(7.5 wm aluminum) was placed in the beam line at the entrance to 
the experimental area to separate the main machine vacuum system 


from the experimental vacuum system. 


2.4.2 The Polarimeter 


About 250 cm upstream from the helium target location, a 
polarimeter was located to monitor the beam polarization during 
the experiment. Elastic proton-proton scattering was chosen as 
the calibrating reaction because of its relatively flat cross 
section and because the angle at which its analyzing power is maximum 
changes slowly with the beam energy. The polarimeter target was a 
5 neicae CH» foil; p-p scattering was measured at a laboratory angle 
of 179. Two detectors on each side of the beam (see Figure 7) formed 
a telescope which detected scattered protons at forward angles while 
other detectors, located inside the vacuum chamber, detected the 
corresponding recoil protons. Detectors Ll and R1 (see Figure 7) 
determined the solid angle acceptance of the system. These detectors 
were Seed to have a solid angle independent of beam position at 


the target. This was done by rotating Ll and Rl so that they pointed 
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to a position downstream from the polarimeter target. With this 
configuration, if the beam moved so that the scattering angle 
to Ll was larger (smaller cross section), then the effective 
solid angle defined by Ll would increase so that the count rate 
would be approximately independent of the move. Lead shielding 
was placed around the polarimeter to reduce backgrounds from the 
Beier tases and the beam line foil in the primary detectors. 
Coincidences L1:L2°L3 and R1-R2°R3 were counted, as were 
accidental coincidences between the same detectors with one signal 
(L3 or R3) being delayed by 43 nsec, the time between consecutive 
beam pulses from the cyclotron. Typically, accidental coincidences 
were less than 1% of real coincidences, with occasional runs having 
accidental rates up to 2%. A remote controlled polarimeter target 
changer was used to change to a carbon foil, so that contributions 
to the measured polarimeter asymmetries from C (p, 2p) could be 
measured under identical beam conditions. The corrections to the 
measured polarimeter asymmetry due to carbon are given as a function 


of beam energy in Figure 8. 


2.4.3 The Principal Detectors 


The principal detectors for the experiment were mounted on 
four detector support arms or 'booms'. These booms, which were re- 
motely movable, were denoted by FL {front (i.e. downstream), left), 
BR (back, right), FR and BL, as were the detectors mounted on each 


boom. The four booms and the positions of the MWPC's and the other 


is Mie aie 
ein ; i) sf ie Ne ‘ 
foe 4 A 
Aye a4 bY, a shy me ys wits a4 Lay ae i hy 6 9 ay ig , 
et ea ey yy iowa! es abu ‘Je Re +b ae 
i) vhs, Helin Aaa Hisha moa, oe 
m yy ae ad shat 7 itp ae si ; Ne a “al! sanvt tae 
| wig ey he aie ER fasion 


ee | short re : 


hh &. est nA a 1 be aid 


i fh ‘ nian 


ne rodTe 7, Lao Ves rs. ARI Sane ey, 
my 7 t ik o: oe B) ; ; ao 7 
ee wu Cal Sortie, Cmte he Sting | obailty haya &/higt i ahcah hg) . 
a vi 34 a Coe + meet: ie a4 @] Fath a, tee 
inh ik Oe aN bee Podtieh lial ul 259 REG, ae ad soite dade he Xi 
i ie 
‘ | | | i" fe Wee nae i 


A@S3 9AA8% . ee a ae Cawas 


BO bem \\at nan & Teg 10 he. ue 6é art? 7H. TG ) S09 LALIT te ats i ‘ 
a : : - 


; . ep 
a Sue ae, eed, A ate wimo 4% i» S20¢dwa Whoo 


sae Ale | we drab (@. ED, Ofek )' are VO o ona wih? ol soem 
oe ph he Arcane a ee had af3 » ome an! Gt cae OW , (lps 


wands, Wild bra oS hd QROEA Dum atte (am, aQugd a0) 


r i ’ 
aly y i : 
we 4 4 re . y 
7", : a i) a? ! 
i im i) i : 
a t PW mAs ; ; e 2 i oe wr aM cy : 


1.20 


or os 
cB 1.15 
we 4: 

lz | 
o ee) 

. 

do 

i ® 

t= 1.05 

Els 

O 

of 1.00 

Ufo 

Ole 

512 0.95 

gig ° 

@1> 
N 
ve 0.90 ; | 

| | 100 300 500 
Semen (2) 


FIGURE 8, The correction to the measured polarimeter asymmetry due to 
the carbon contribution as a function of beam energy. 
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counters on the booms are shown in Figure 9. The booms are 209 
wide in order to accommodate a variety of detector configurations 
and for greater stability. In order to allow the detectors to 
cover the required angular ranges, the detectors were mounted at 
the edges of the booms, as is shown in Figure 9. The detectors on 
the front booms were mounted 79 toward smaller angles, while de- 
tectors on back booms were mounted 6° towards larger angles. These 
offsets were determined to an accuracy of +0.059. The centers of 
the forward detectors were able to see scattering angles as small 
as 49, and the centers of the backward detectors could observe 
particles scattered up to 1689. The limits in both cases occured 
when detector mounting frames encountered the beam pipe or its 
supports. 

The boom angles were determined to an accuracy of Ont? by 
a system of fine slots, one degree apart, machined into a large ring. 
A photosensitive cell looking through the slots at a light-emitting 
diode emitted a signal when the boom was centered on one of the slots. 
Larger, binary-coded holes drilled in the ring and read in an iden- 
tical manner indicated the angular setting where the boom was located. 

The detectors on each boom were arranged into a detector 
telescope. Each telescope (St-75) consisted of a MWPC, a thin 
plastic scintillator and a 12.5 cm diameter by 7.5 cm thick NaI(T1) 
crystal mounted on a 12.5 cm diameter photomultiplier tube. 

The MWPC's had both X and Y sense planes (scattering angle 


and vertical distance, respectively) with 2 mm wire spacings. The 
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back MWPC's were 64 wires by 64 wires, while the front MWPC's 
were 128 wires vertically by 64 wires horizontally. However, the 
plastic scintillators in the front telescopes limited the effective 
size of these detectors to the central 64 wires by 64 wires. The 
MWPC's consisted of a plane. of high voltage wires (normally held at 
-5 kV), one sense plane, a HV plane, the other sense plane, and 
another HV plane. A special, ‘magic’ gas mixture (75% Ar bubbled 
through methylal (CH»(OCH3)>) at 09 C, 24.5% isobutane (CyHi9), and 
0.5% freon-13B1 (CBrF3) } (Ch=72) the circulated through the chambers 
and was contained by 25 um Kapton windows on the chambers. The 
wire chamber readout system is based on an amplifier per wire system 
and has been fully described by Cairns and Dawson (Ca-75). The wire 
chamber data was not included in the event-defining logic. 

The distance from the target center to the middle HV plane 
(midway between the solid angle defining X and Y sense planes) of 


the BL wire chamber was D,. = 109.5 + 0.2 cm and, similarly, D 


BL BR 


109.6 + 0.2 cm. While the solid angles of the front and back wire 
chambers were nearly matched (taking into account the appropriate 
kinematic transformations), the front wire chambers were placed so 
that the back wire chambers determined the solid angles. The front 
wire chambers were placed at distances of Me mr2O7 cer Oee ee 
Dir =826/ -40t" 032 ems 

The second detector in each telescope was a thin plastic 


scintillator (constructed of Pilot B scintillator). These counters 


were used for their excellent timing properties and also to obtain 
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energy loss signals from particles passing through them. The 
plastic scintillators (3 mm thick)in the back telescopes were 

set to have a high gain so that protons would yield large signals. 
The plastic scintillators (6 mm thick) in the front telescopes were 
set with much lower gains and higher thresholds, so that these 
counters would be much less sensitive to the numerous protons at 
these angles, but more sensitive to alpha particles passing through 
them. When the front telescopes were used to detect small angle 
elastically scattered protons, their plastic scintillators were set 
at a higher gain to make them proton-sensitive,. 

The NaI counters were used to measure the total energy of 
particles. The NaI detectors, 7.5 cm thick, will stop 150 MeV protons, 
so protons with higher energies were degraded in energy to less than 
that energy by an appropriate thickness of copper. On the back booms, 
protons of interest stopped in the NaI detectors at all incident 
beam energies except 500 MeV (see Figure 2), where 1.25 cm of copper 
was used between the plastic scintillator and the NaI detector. On 
the front booms, only the MWPC and the plastic scintillator were in- 
corporated into the back angle measurements. However, the full 
telescopes were used to detect 139 and 14° elastically scattered 
protons to determine the helium target thickness by normalizing the 
results to previous measurements (see Section 3.1). In those 
circumstances, 16.5 cm of copper were needed in the front telescopes 


at 500 MeV, with lesser amounts at 350 MeV and 200 MeV (9.2 cm and 


2.4 cm, respectively). 
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Because of the large amounts of copper inserted into the 
telescopes, the detector efficiency was Significantly affected. 
An extensive set of efficiency calibration measurements were per- 
formed; the details have been previously published (Ca-77). For 
example, the measured efficiency of the central region of the 
telescope is shown in Figure 10 (taken from (Ca-77)} as a function 
of incident proton energy. Also illustrated is a calculation (St- 
75) of this efficiency using reaction cross sections. The central 
region of the telescope is the region of the NaI crystal where edge 
effects do not contribute significantly. The size of this region 


decreases with increasing proton energy (Ca-77). 


2.4.4 The Monitor Counters 


In addition to the detectors mounted on the four booms, 
four stationary counters viewed the target to monitor variations 
in target thickness from run to run (see Figure 7). The design 
criteria for these counters were that they detect elastically 
scattered protons and the associated alpha particles in coincidence 
(for background minimization) and that the count rates be maximized. 
The target cell geometry was such that the maximum angle that 
Ae could leave the cell without striking the cell body was 
70°. Thus, all counters had to be placed at smaller angles than 
that. In order for the alpha particles to have sufficient energy 
to be detectable, the alpha particle counters must be located at 


smaller angles than the proton detectors at low beam energy, and at 
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Counter Telescope Efficiency 


FIGURE 10. 


She 


O 
On, 100° 200" S00, ACG Ree 
Incident Proton Energy (MeV) 


The efficiency of the central region of the telescope (as 
discussed in the text and (Ca-77)} as a function of incident 
proton energy (taken from (Ca-77)}. Where not shown, the 
uncertainty in the measured value is less than the size of 
the point. The solid line is a calculation (St-75) using 


reaction cross sections. 
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the same angle or smaller angles at high beam energy. The count 
rate requirement could be met by detecting the protons at as small 
an angle as possible, since the elastic scattering cross section, 
the main contribution to the monitor counts falls rapidly with 
increasing proton angle. These requirements were somewhat con- 
tradictory, so compromises had to be reached. 

Two separate configurations were used during data taking. 
inestaret cont iguration; oF = o = 54° was used for beam energies 
above 350 MeV while the second, e, = 66.5°, os = 47° was necessary 
below 350 MeV to obtain alpha particles of detectable energy. It 
is worth noting that since the elastic scattering cross sections 
rise rapidly with lower energy, the change in proton angle did not 
result in lower count rates for the low energy configuration. At 
200 and 185 MeV, alpha particles originating at the upstream edge 
of the helium cell would not have enough energy to reach the 
counters, but no solution could be found for this problem. Thus, 
at these very low energies, the monitors effectively viewed only 
part of the target. Identical counter configurations were used on 
either side of the beam, and their outputs were summed to eliminate 
the effects of using a polarized beam. 

The proton counters were used to define the solid angle 
acceptance of the proton-alpha pair and were 5.0 cm wide by yao Ce 
high. They were mounted approximately 1 meter from the target and 
were constructed of 6 mm plastic scintillator, as were the alpha 


particle counters. The alpha particle detectors were designed to be 
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large enough to detect all of the alpha particles defined by the 
proton counter at all energies for which one configuration would 
be used. Thus the monitor counters did not have to be moved each 
time the beam energy eee changed. The alpha particle detectors 
were 12.7 cm by Oh) cm; this size also took into account the 
multiple scattering that the relatively low energy alpha particles 
would undergo. Blocks of copper absorber (1.3 cm for beam energies 
less than 350 MeV, 2.5 cm otherwise) were placed in front of the 
proton counters to stop the alpha particles so that only protons 
would be detected. True coincidences P-L-a-L and P-R-a-R (see 
Figure 7) were collected, as were random coincidences where one 
signal was delayed one beam burst time Terai 

The number of monitor counts for an empty target run was 
always less than 4% of that for a full target run (appropriately 
normalized). The monitor counters actually monitored the product of 
beam current and target thickness. The ratio of monitor counts to 
one of the beam current monitors, i.e. the ion chambers or the total 
polarimeter counts (see Section 3.1), was a measure of the relative 
target thickness alone. The ratio of monitor counts to polarimeter 
counts varied at any one energy by as much as 12%. However, no 
correlation was seen between this variation and apparently relevant 
experimental parameters such as the beam current, the time elapsed 
since the target was last filled, etc. Moreover, similar runs with 


differing monitor results yielded the same differential cross sections, 


within the experimental uncertainties. 
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2.5 The Electronic System and Data Acquisition 


2.5.1 The Backward Angle Electronics . 


The data was collected and processed by an integrated 
system of fast NIM logic and CAMAC electronics. Figure 11 shows, 
in a most general way, the configuration used for the experiment. 
A three-fold coincidence on either the left or right side (left 
or right here referring to ‘the side which detected the proton) 
defined a possible elastic scattering event and initiated logical 
processes in the electronics and in the acquisition computer, which, 
as an example, would request data from the MWPC's. 

The electronics system was formed in two sections. One sec- 
tion, shown in Figure 12, was located in the experimental hall, 
near the detectors, and was primarily involved with the MWPC data. 
The EVENT FAST signal caused any information in the wire chambers to 
be held, each separate wire having its own memory element. The MWPC 
controller then waited a preset time while the remote electronics 
decided if the event was valid or not. If so, a MASTER GATE signal, 
also called an EVENT SLOW signal, would enable the MWPC information 
being held to be read into the computer via a CAMAC input register. 
The controller would clear and reset itself upon receipt of a CLEAR 
signal (if no MASTER GATE signal was received within the required 
time limit, approximately 1 psec, a CLEAR signal was internally 


generated). In the meantime, the EVENT FAST signal had latched the 
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OR gate, preventing another event from starting until the first 
one was safely dealt with. At an appropriate time during the 
reset sequence, the controller cleared the latch, readying the 
EVENT FAST gate for another event. The latching process created 
a dead time which had to be accounted for; this problem is fully 
discussed in Section 2.7. 

The majority of the electronics system was located in the 
remote counting room. One part of the remote electronics is shown 
in Figure 13; the exact symmetry of the electronics on the two sides 
should be noted. This stage of the electronics took the signals 
from the various detectors and made the basic decision whether to 
read the signals into the computer for further processing or to re- 
ject them. The relative timing arrangement of various signals is 
shown at important locations in the figure. 

Figure 14 presents the second stage of the remote electronics, 
which dealt mainly with the control signals needed by the various 
components of the electronic system. The signals COMPUTER NOT BUSY 
and EVENT DONE, shown in Figure 14, were formed by the data acquisition 
computer in an output register in the CAMAC system. The MASTER GATE, 
similarly to the EVENT FAST gate discussed above, was latched while 
the current event was being processed by the computer. 

The LEFT and RIGHT RETIME signals, which were formed in 
Figure 13, were placed in coincidence with a MASTER GATE signal. 
These aire ee signals started the left and right time-to-digital 


converters (TDC's) and gated the left and right analog-to-digital 
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converters (ADC's). These signals were more appropriate for those 
tasks than the MASTER GATE signals due to the fact that their timing 
was determined by either the front or back detector pulses on that 
side. In contrast, the MASTER GATE timing was set by the time of 
the BR or BL signals only. For example, the MASTER GATE signal had 
the time of the BL signal in a FR*BL coincidence; using that to 
start the right TDC would not have been appropriate. 

The ADC's used for the experiment were multi-input (12-fold) 
CAMAC ADC's of the charge-integrating type (in contrast to the 
peak-sensing type); separate ADC's were employed for the left and 
right detectors and were gated as described above. The input signals 
were appropriately delayed while the logic was being performed. 

The TDC's used were octal input (stops) CAMAC TDC's with 
one (common) start per TDC unit; separate TDC's were used for the 
left and right sides. The start signal originated with the appro- 
priate plastic scintillator on that side, through the RETIME circuits. 
A left start signal was also delayed and used as an input to the 
right TDC, giving left-versus-right plastic scintillator timing. 

Another CAMAC unit illustrated in Figure 14 is the digital 
coincidence register (DCR) (also called a bit pattern unit). This 
unit's function was to send to the computer a 24-bit word, with each 
bit representing the status of one input. The inputs used for the 


experiment are shown in Figure 14. This DCR word was recorded along 


with the data and was also used in forming spectra for on-line dis- 


play. The POL-OFF, POL-DOWN, and POL-UP signals were DC-levels 
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given out by the polarized source spin controller. The GOOD BEAM 
Signal indicated that the beam current from an ion chamber was 
between a lower and an upper set-point. 

In addition to the above CAMAC devices, CAMAC scalers were 
also used to record the total number of counts from certain devices 
during a run. Table 1 gives a list of all quantities scaled during 
the experiment. Some of the sources for the scaler inputs are shown 
in Figures 12, 13 and 14. Some of the quantities scaled were vital 
to the usefulness of a run, others were necessary but could be 
obtained in later analysis in other ways, and still other quantities 
were not strictly necessary, and were scaled only as an indication 


that certain devices were functioning. 


2.5.2 The Target Thickness Electronics 


The target thickness was measured, as discussed fully in 
Seta 3.1, by detecting small angle (13° or 14°) elastically 
scattered protons in the forward telescopes and normalizing the 
results to previous measurements. For these measurements, Nal 
detectors were required on the front arms; the detectors on those 
front arms were counting single particles, that is to say, there 
were no inter-arm coincidences. Therefore, the electronics had to 
be reconfigured to accommodate these facts. 

The first part of the electronics, that part which generated 
the EVENT FAST signal is shown in Figure 15. The prescalers are 


CAMAC modules which emit a pulse for every N input pulses. The cons- 
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TABLE 1 


Signals Scaled 


Elapsed Time - 100 Hz clock 
Polarimeter - Left 

Polarimeter - Left Accidentals 
Polarimeter — Right 

Polarimeter — Right Accidentals 
Alpha Monitor - Left 

Alpha Monitor - Left Accidentals 
Alpha Monitor - Right 

Alpha Monitor - Right Accidentals 
Upstream Ion Chamber Integrator 
Downstream Ion Chamber Integrator 
Event 

Master Gate 

Dead Time Pulser 

FL 

FR 

BL 

BR 

FL°BR 

FR- BL 

Prescaler Left 

Prescaler Right 

Constant Fraction Discriminator - BL 
Constant Fraction Discriminator - BR 
Plastica— FL 

Plastic - FR 

Back- Front 


Event Fast 
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tant N was remotely programmed into the prescaler via the computer. 
The prescalers were necessary because of the very large ratio of 
the forward angle differential cross sections to the backward cross 
sections (> 10° to 1). The MWPC controller circuitry after the 
EVENT FAST gate was unchanged, but is shown in Figure 15 for com- 
pleteness. 

The second stage of the electronic configuration, that part 
which generated the MASTER GATE signals, is shown in Figure 16. 
Since the target thickness measurements were interwoven with the back 
angle measurements, the electronics system was designed so that the 
changes between the two configurations were quickly done and could be 
accomplished with a minimal disruption to the main body of the 
electronics. The existing BR and BL electronics subsystems were used 
for the FR and FL signals in Figure 16 by changing inputs; the 
FL°BR and FR°BL coincidences became FR*PS-R and FL*PS-L. It should 
be noted, comparing Figures 13 and 16, that the CAMAC connections 
were unchanged. The electronics in Figure 14, i.e. everything at 


or after the MASTER GATE was unchanged. 


2.5.3 The Monitor Electronics 


The electronics arrangement for the four fixed monitor 
counters described in Section 2.4 is shown in Figure 17. Real 
proton-alpha coincidences were detected with this configuration, 


as were accidental, or simulated coincidences of a proton and an 


alpha particle from adjacent beam bursts. The two proton discri- 
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minators, one below in coincidence and one above in anticoincidence, 
were used to put a 'window' around the elastically scattered proton 
signals. The electronics after the real and accidental coincidence 
gates, including the monitor latches and amplitude encoders, 

sampled the proton signal pulse heights to guard against gain shifts 
or discriminator level changes. The amplitude encoders took the 
proton signals from one side, after amplification and translated 

the signal into a chain of pulses, the number of which were pro- 
Per oeat to the input pulse amplitude. These pulse chains were 
counted by two special CAMAC scalers. While processing a full event, 
the computer read the scalers and translated the readings into two 
pulse height spectra. The monitor latches, which were cleared each 
time the computer read an event, ensured that only one monitor signal 


would be processed at a time. 


2.5.4 The Polarimeter Electronics 


The electronics system for the polarimeter is shown in 
Figure 18. Triple coincidences on the left and right sides, along 
with accidental coincidences were scaled following straightforward 


electronic processing. 


2.5.5 The Data Acquisition System 


The data acquisition system was centred around a Honeywell 
H316 minicomputer, interfaced directly to the three-crate CAMAC net- 


work. The general structure and operation of the data acquisition 
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system have been described in several internal reports (Ro-74, Ro- 
75a, Ro-75b, and Ro-77). In general, the computer read various 
parameters generated by the electronic system via the CAMAC interface. 
The program did a number of simple operations with this data and 
then wrote the information onto magnetic tape event-by-event, and/or 
stored selected portions of the data in the computer memory for dis- 
play. 

The magnetic tape event structure, written by the data ac- 
quisition program ORION used for the present experiment, is shown 
in Table 2. Because an arbitrary number of MWPC wires could be 
struck during a given event, the events had a variable length. 
Referring to Table 2, the first two words (16 bits per word) were for 
control purposes only. The third word, the LAM pattern, refers to 
the CAMAC Look-At-Me signals which are issued by individual CAMAC 
modules when the module needs the attention of the computer. The 
next two words, 3 and 4, were the DCR words. Words 5-18 contained 
the values read from various TDC or ADC channels. Some spare words 
were included here for flexibility and to act as back-ups. The 
next four words, the time and event scalers, were recorded for each 
event so that it would be possible to analyze only part of a file, 
should something fail part way through it. The next four words, 23 
through 26, were the readings of the two scalers connected to the 
alpha monitor amplitude encoders, as explained previously. The 
next word in an event contained the number of wires hit (plus one), 
and the MWPC coordinates (the absolute MWPC wire numbers struck for 


each event) filled the rest of the event structure. 
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TABLE 2 


ORION Magnetic Tape Event Structure 


ee i ee ee 
Word Number Parameter Comment 


a 


0 - (Length of Event) 
Flag (-1 or -2) 


2 LAM PATTERN 
3-4 DCR (24 bats) 
5) TDC L-O Nal — BL 
6 TDC L-1 Lent 
7 TDC R-O NaI — BR 
8 TDC R-1 Rerf 
9 TDC R-2 Left Time 
10 ADC L-0 Plastic - FL 
11 ADC L-1 Plastic =" S51 
1% ADC L-2 NaI - BL 
nS ADC L-3 Spare - Not Used 
14 ADC R-0 Plastic - FR 
5 ADC R-1 Plastic - BR 
16 ADC R-2 Nal — BR 
Ay ADC R-3 Spare - Not Used 
18 ADC R-4 Spare - Not Used 
19-20 Scaler - Time 
21-22 Scaler - Event 
23-24 Scaler: a-mon - L 
25-26 Scaler: a-mon - R 
27 MWPC hits + l 
28-end MWPC coordinates 
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Table 3 presents a list of the 29 spectra that were stored 
in memory and were available for on-line inspection. Restrictions 
imposed by the available memory space forced a careful selection of 
the most useful spectra to display, especially the biparametric 
spectra, which take up much more room in memory than simple histo- 
grams. Column 2 in Table 3 gives the parameter(s) that made up the 
spectrum, and column 3 lists the number of channels alloted for 
that spectrum. The fourth column lists the gating requirements 
for storage of data into that particular spectrum. The first number 
gives the locations (in octal) of the DCR bits (see Figure 14) that 
were tested and the second figure is the result (in octal) that was 
required for the data to be stored in the spectrum. For example, 
in spectra 13 and 25, bits nine and ten (counting from the least 
significant bit) were tested; bit nine must have been set, bit ten 
not set. The fifth and last column in Table 3 gives a description 
of the spectrum parameters. 

The wire chamber spectra, numbers 17 to 24 in Table 3, used 
decoded wire numbers, i.e. chamber hits were decoded into the appro- 
priate planes. If several adjacent wires in a plane were hit, or 
if the hits were on non-adjacent wires, but with a gap of two or less 


wires between the groups, the highest wire number struck was incre- 


mented by one count. However, if the hits were on non-adjacent wires 


with a gap greater than two wires, the last channel in that spectrum 


was incremented. If no wires in a plane were hit, channel 0 in the 


spectrum was incremented. Usually, excessive counts in either the 


first channel (missing hits) or the last channel (non-adjacent mul- 
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TABLE 3 


Spectra Stored in Memory 


Sn a 


Length 
(channels) 


Spectrum Parameter(s) 


Number 


Gating 
Requirement* 


a ee 


Comments 


i ADC L-O 256 20-20 Plastic - FL 

2 Spare —- Not Used 

3 ADC L-1 256 40-40 Plastic - BL 

4 ADC L-2 wm ily 40-40 Nal - BL 

5 ADC R-O 256 200-200 Plastic -— FR 

6 Spare — Not Used 

Hf ADC R-1 256 100-100 Plastic - BR 

8 ADC R-2 512 100-100 NaI - BR 

9 TDC L-O 256 40-40 NaI - BL 

10 TDC L-1 256 20-20 Eiger tle 

ime TDC R-O 256 100-100 Nal - BR 
A TDC R-1 256 200-200 Ef ER 

1ES} TDC R-2 plZ 1400-400 FL - BR 

14 TDC R-2 a 1400-1000 FR — BL 
15 Scaler (23-24)+t 256 2000-2000 a-mon - L 

16 Scaler (25-26)t 256 4000-4000 a-mon - R 
7 Y - FL 128 20-20 

18 X - FL 23 20-20 
19 Y -— FR 128 200-200 
20 X - FR 128 200-200 
2. Y - BR 128 100-100 

22 X - BR 128 100-100 

23 Y - BL 128 40-40 
24 X - BL 128 40-40 

25 ADC L-O vs ADC R-2 4096 (64x64) 1400-400 Ey, - FL vs E, - BR 
26 ADC R-O vs ADC L-2 4096 (64x64) 1400-1000 E, - FR vs aa ey” 
27 DCR LGR - 0-0 Low Order 16 Bits 
28 LAM PATTERN 16 0-0 

29 RATE 2048 0-0 Number of Events 


Acquired per Unit 
Time 


*DCR Bits Tested - Value Required 


+Event Word Number, See Table 2 
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tiples), or both, indicated that the count rates were too high in 
the chamber or that the gas mixture was not optimum. 

The last spectrum, number 29, labelled RATE in Table 3 was 
very helpful in controlling the data taking rate. The computer 
stored the number of events acquired in successive time intervals 
into consecutive channels in the spectrum. This spectrum represented 
the relative data-taking rate as a function of time, and could show, 
for example, a slow drop in the extracted beam current over a long 


period of time. 


2.6 Data Analysis 


The data analysis for the experiment was performed off-line 
with the data acquisition computer. The data analysis program (de- 
scribed in Ro-/5b) was very similar to the data acquisition program, 
except that it accepted data from magnetic tape instead of the CAMAC 
interface. The program selected events using the gating procedure 
described in Section 2.5 and rewrote those events onto magnetic tapes 
and/or binned that data into selected histograms. While the basic 
program used the same histograms as the acquisition program (see 
Table 3), the histogram parameters and gating requirements could be 
altered to enable other information to be examined. In particular, 
several other biparametric spectra were examined in the analysis. 

In addition, the data analysis program had several software 
'windows' that could be placed around regions of interest for selected 


. eee ’ 
i ne 
parameters. The selection of events using these ‘windows’ was do 
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with the same gating procedure which has been described for the DCR 
bits. 

| A typical, on-line Pip ale spectrum is shown in Figure 19. 
The prominent peak in the upper right is the dead time pulser (to 
be discussed in Section 2.7), the peak near the center is the elastic 
scattering peak and the peak in the bottom left is from the reaction 
p + "He +> d+ 3He. The marked prominence of the peaks of interest 
above the general background shows the efficacy of the neces ss 
spectrum in identifying the reaction channels and also illustrates 
how well the experimental arrangement separated the elastic scattering 
(and reaction) process(es) from backgrounds. 

Analysis of the backward scattering data was initiated by 
putting generous windows around the proton and alpha energies 
corresponding to the elastic scattering peak in the BEI ICSS 
spectra. The overlap region of the two windows applied at this 
stage of the analysis is also shown in Figure 19. 

These windows were the criteria for the storage of events 
into the front-back timing spectra (numbers 13 and 14 in Table 3). 
The on-line spectrum of relative front-back time corresponding to 
Figure 19, is shown in Figure 20. The three peaks evident are from 
the elastic scattering reaction, the (p,d) reaction, and the dead 
time pulser, as indicated in the figure. The two energy windows, 
applied to this spectrum, produced a very sharp, clean timing peak 
and a small number of events with a random distribution in time. 


The next stage of the analysis used a single window around 


this timing peak to store events in all spectra. The spectra were 


25 


RY rn ie ry yl aay pe ih che Oey oD ae ie. ae ,) th vy. yA bay at grep ven _ ’ - 


he te. eee, eee see ae “ssi 


HP ey is i : cer ’ 


2 oe ee ee re wee ee) ame fs er mn yi 1 


tH 4) iy ohe j it A dew 


i A gti . iiss, vi With ys i / Noy ve m % sel oa 
Hise IH eee wy, insane nit 
ding dose nh RR eras cr + 
une re 28 eam): OM Meta nabes a ia bia iy ee ¢ a 
dod Vineet ae oe 11% mo peg iy Oe x wre ‘ apne 
: re ou Bae Ah i u fi 
Bi ae eh hive j , We (GR LG Obes hg ee: big i 
dy me i : y fos q 
i i. | ms nS fi J iy i oO 
eee mem ey Foren ee Ae baer dl | Ii \ i Satan vais | 
‘ ry 4 . a i Y Map rele ae aie 


wim AY) Fete hi gchoie al a wots kd a 


| 
4 a : Vee, Gam 


, - ‘ i 
it ijt rig es 7. iw i. Wiis wes re, a) vam ones baa a. 


7 entiveey bites Area eaen ar «Car MveETerna' i ieibe ay 
‘ 5 ‘ Y i af Dh T wT ao) 
feeb Hl Tee: (tetas " (Bolg) ema | (te Tels ie oi mY iba: 


; 7 
7 ' | i Ij n ’ 7 i 
os eS ee ee en ee shiny aheen baal eel 


cal 


| - 
yr © | ghisaate qual MSS GPa any poy ¢ Meslay Gai \ cartes tts oe 


7d J 
} 


eee ile ie ak ret motes ‘aivyes natin a ose 
milli ie - 


ae anpeire' ay ‘aa ® t ou, stot as a oye shes 


(ae 


’ re i i 


ee nh fa; a : Ta 
My ee ye af bass 


56 


COUNTS FULL SCALE (SOLID BLACK)? = 1024 (2ek1@). COUNTS PER DOT = 16 
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FIGURE 19. A typical, on-line Ep-vs.~Ey spectrum, taken at Epeagm = 350 
MeV, 0, = 1529, 0 = 109. The lines show the preliminary 
energy windows used to define elastic scattering events. 
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examined to ensure that elastic scattering events were not being 
eliminated accidentally. For example, the thresholds in all counters 
were examined to verify that events of interest were not being re- 
jected. 

Next, the one-dimensional energy spectra were examined to 
select tighter windows on ES and Ey to better isolate elastic scatter- 
ing events. As an example, Figure 21 shows the data in Figure 19 
projected onto the proton axis. The left half, Figure 21 (a), shows 
the on-line data, with the preliminary energy window indicated. 
Figure 21 (b) shows the same data with the timing window applied, 
and also indicates the final energy window. It should be noted 
that those events in Figure 21 (b) with less than full energy are 
mainly elastic scattering events in which the proton underwent a 
nuclear reaction in the NaI counter. 

Events were observed from inelastic proton scattering from 
*He, leaving ‘He in one of three excited states (all particle un- 


stable) with excitation energies just above 20 MeV (Fi-73): 


Det (3He + n) 


el ar 4tie > p' =r HHe*+ 
pot (3H + ay ie 


An on-line spectrum of events plotted as a function of proton energy 
A = 0 
is shown in Figure 22; this spectrum was collected at Coeoton 158 


(laboratory) at 185 MeV. The inelastic peak, very evident in Figure 


22 and also visible in Figure 21, was in all cases cleanly separated 
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FIGURE 22. An on-line spectrum of events plotted as a function of proton 
energy, showing a prominent inelastic proton scattering peak. 
The spectrum was obtained for an energy of 185 MeV for 
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from the elastic peak. 


The last stage of data selection used the timing window and 
the smaller energy windows on Es and EY to define good elastic 
scattering events. In addition, windows were placed on the back 
wire chamber coordinates to accurately define the solid angle for the 
experiment. This centrally located window was 24 wires wide (2.509) 
by 36 wires high (3.759) for an acceptance of 2.88 x 10-3 sr in 
each arm. 

Events satisfying these five criteria were studied using 
ey, X 


biparametric plots of X X 


FRONT ~ “Front? “Front ~ “pack? 2"¢ Ypronr 7 


for selected runs. For example, the X spectrum 


Y BACK FRONT ~ "FRONT 


was used to determine the optimum size for the back MWPC window. 

The number of events satisfying these five criteria (one 
timing, two energy and two MWPC requirements) were counted for both 
telescope combinations as valid elastic scattering events. From 
these numbers the cross sections and analyzing powers presented in 
Chapter III were calculated. 

Several runs were made with the empty target. A typical, 
on-line ere spectrum for such a run is shown in Figure 23. 
The windows in Figure 23 are the same windows that would have been 
used in a target-full run to pick out elastic scattering events 
(see Figure 19). It should be noted that the empty target was used 
for approximately one seventh of the charge on target of the run 
corresponding to Figure 19, but that the scale in Figure 19 is 16 


counts per dot as opposed to one count per dot in Figure 23. The 
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FIGURE 23. An on-line E,-vs.-Eg spectrum with an empty target, taken at 


an energy of 350 MeV for Op = 1689, Og, = 49. The windows 
indicated are the windows used to define elastic scattering 
events for a full target run (Figure 19). 
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very low number of counts within the outlined area illustrates that 
the experiment had virtually no background in the region of interest 
from the target walls. 

To further investigate the possible backgrounds, analyses 
were made of selected runs with the timing window shifted by the 
time of one r.f. cycle. This showed that accidental coincidences of 
a proton and an alpha particle (with the appropriate energies) from 


different beam bursts were a negligible proportion of valid events. 


2./ Dead Time Corrections 


The dead time of a system is defined as that portion of the 
time that it was unable to accept new data because the system, or 
any integral part of it, was fully occupied with previous data. The 
dead time of the present system included that produced by latches on 
important gates (see Section 2.5), in addition to the computer dead 
time. 

To deal with this, a monitoring system was used which 
theasured the overall dead time of the system. Light-emitting diodes 
(LED's) were attached to all of the plastic scintillators and Nal 
detectors and were flashed by a pulser system. These pulses were 
also applied to one wire of each sense plane of the MWPC's to include 
them in the monitoring. The fraction of these pulses that was not 
ene recorded by the computer was a direct measurement of the 


composite dead time of the system. 


The electronic set-up that provided the 'dead time' pulses 
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is shown in Figure 24. A source of pulses whose rate was proportional 
to the beam intensity was provided by the sum of the polarimeter 
left-plus-right coincidences. The number of counts was prescaled to 
decrease the LED pulsing frequency to a rate ee cerry equal to 
the counting rate of elastic scattering events. Two separate pulsers 
were used: (1) a triggerable NaI pulser unit which emitted carefully 
shaped pulses so that the light from the LED's would have approximately 
the same time distribution as scintillation light from NaI, and (2) 

a plastic Peinetiator pulser which was similar, but emitted much 
faster pulses in accordance with the properties of the plastic 
scintillator used. The dead time pulses were inserted into the 

MWPC system between the actual sense wire and the electronics for 

that wire. The pa ae of the pulser signals was adjusted so 

that the signals were in a different portion of the spectrum than 

the pulses of interest (see Figure 19). 

To identify pulser events in the data analysis, the DCR bits 
for the dead time pulser and for the appropriate front-back coin- 
cidence were both required. MWPC dead times would be reflected in 
missing hits, for which channel 0 of the appropriate MWPC spectrum 
was incremented; in addition, the analysis of real events used back 
MWPC windows that eliminated non-adjacent multiple MWPC hits (the 
last channel in the MWPC spectra). In order to include these effects 
in the dead time analysis, two windows were set to eliminate pulser 


events with counts in the first and last channels of each sense plane 


spectrum for the back MWPC's. Since the front MWPC's were not used 


in the final analysis of real events, it was not necessary to include 
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Chen in the dead time analysis. The number of pulser events found 
above was divided by the number of pulser events that were sent to 
the counters (see Figure 24), to establish the total live time (live 
time = 1. - dead time). These correction Pacrore were aoe ea to 
determine the number of ones that would have been counted by a 
totally live system (note that each telescope combination had a 
separate live time value). 

The large angle measurements had low counting rates, so the 
dead times were correspondingly small. They were found to be less 
than 5% for the majority of the runs, although a few runs had 
dead times up to 11%, usually for those runs at the largest backward 
angle (i.e., the most forward angle for the front counters). 

A measure of the computer dead time alone was the ratio of 
the number of MASTER GATE counts to the number of EVENT counts (see 
Figures 13 and 14). The EVENT counts were the number of back-front 
coincidences that were formed, and the MASTER GATE counts were 
those EVENT signals that were accepted into the computer for processing. 
The remainder of the EVENT signals were blocked by the MASTER GATE 
latch discussed in Section 2.5. The computer dead time was found to 
be the largest contributor to the total dead time of the system, as 
was expected. Typically, approximately 70% of the total dead time 


of the system was attributable to the computer, although this ratio 


did fluctuate somewhat. 
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CHAPTER III 
EXPERIMENTAL RESULTS 


3.1 Normalizations 


The most, crucial factor in measuring accurate cross sections 
in nuclear physics experiments is the determination of ae absolute 
normalization of the data. The absolute normalization depends on 
two important factors, the absolute value of the beam eereene 
passing through the target, and the effective thickness of the target 


at the time that the experiment was performed. 


3.1.1 Beam Flux Normalizations 


The beam intensity was monitored by two helium-filled ion 
phembers. placed in the beam line downstream of the target location. 
High purity helium was continuously flushed through the ion chambers 
to prevent the buildup of impurities that might have changed the 
gain of the gas. The currents generated by the ion chambers were 
taken to current integrators, which produced digital outputs propor- 
tional to the charge collected. In addition, the total, net counting 
rate in the polarimeter provided another relative beam intensity 
monitor. These monitors provided three independent measurements of 
the relative beam intensity, which produced consistent results at 
the 3% level throughout the experiment. Small fluctuations (< 3%) 
in the monitor results relative to one another did occur as long 


term effects, for example over a 24 hour period. 
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A separate measurement was performed utilizing a Faraday 
cup having a deston simile to the one described by Barrett et al. 
(Ba-75) to obtain an absolute normalization for the ion chambers. 
The calibrations were performed at 200 MeV and 500 MeV with beam 
currents ranging from 60 pA to 11 nA. The ratio of the ion chamber 
integrated charge to the Faraday cup integrated charge varied within 
a 2% range, but without any systematic dependence on the average 
current. The ratio of the sum of the polarimeter left-plus-right 
counts to the Faraday cup output also varied within a 2% eee | 
again with no systematic dependence on the current. 

The ion chamber gain (the current collected / the actual 
beam current as measured by the Faraday cup) was found to be 
directly proportional to the energy loss (dE/dx) of protons in 
helium to within 2%. Therefore the gain of the ion chamber (the 
upstream ion chamber was chosen as the standard for this experiment) 
at energies other than 200 and 500 MeV was calculated assuming this 
proportionality with the proton dE/dx values. The gain of the up- 
stream ion chamber is presented as a function of proton energy in 
Figure 25, with the actual values of the gain used in the calculations 
given in Table 4. 

The ion chamber normalization uncertainties are estimated 
to be + 5%. Approximately one half of this total uncertainty may 
be considered a relative uncertainty between the ion chamber gains 
Part of this uncertainty originated with 


at different energies. 


the small fluctuations in the results from the two ion chambers and 
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FIGURE 25. A plot of the ion chamber gain as a function of beam energy. 
The measured points are circled. The curve is proportional 
to the energy loss of protons in helium, The other points 
were obtained assuming the proportionality of the gain to the 


proton energy loss. 


69 


j 
ee ee es Ce ee * > ow adil * 


£ s E & rr, A a ory on : 5} f — -_™ u 
oe Ach GE OOS 


| ie 5. 
a Yih a cael.) va : 


7 7 : ve 
y ; 7 i a 
“4 


wi oh Ae 1? mits a i : na ng 
PUraNws o. 9 ov a an) ok | Nees ale (ate 


Samet) Ore 2) | ged Us ees: 


S Meetag 29409 will Soke oy, ae 
ome eae oc Sb Pit rar igre @ 


TABLE 4 


Ion Chamber Gain vs. Proton Energy 


Proton Energy Ion Chamber 
(MeV) Gain 
185 16.6 
200 ARS wa) 
22) 14.7 
250 L337o 
212 eSsi0 
300 253 
350 11.4 
400 LOMO 
440 10.1 
500 9.5 
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the polarimeter relative to one another (previously discussed). The 
assumption that the ion chamber gain follows the proton energy loss 
may not be strictly correct, also. For example, the ion chambers may 
not have operated in a strictly proportional mode. The other half of 
the total uncertainty may be considered an overall scale uncertainty, 
due to the fact that the Faraday cup itself may not be a perfect 
charge collector at these energies. (Significant charge loss would 
not have resulted, however, from nuclear reactions in the ion chambers 


upstream from the Faraday cup.) 


3.1.2 Target Thickness Determination 


Although the target cell used for the present experiment 
(as described in Section 2.3) had a nominal thickness of 5.0 mn, 
deformation of the nickel foil windows increased that thickness, 
Rees the possibility of the liquid helium boiling due to heat in- 
put from the beam and/or from some other source could lead to a lower 
average density of helium nuclei in SS eas a. 

Therefore, the target thickness was determined with an in- 
beam experiment. As discussed previously, the detector configuration 
(see Section 2.4) and the electronics (see Section 2.5) were designed 
so that minor modifications changed the setup from measuring back 
angle cross sections with a front-back coincidence to measuring 
small angle cross sections with the front telescopes only. The 
differential cross sections for p- tHe elastic scattering have pre- 
viously been measured between 4° and 15° (proton laboratory angles) 
at 200, 350 and 500 MeV by the present experimental group and the re- 


sults have been reported elsewhere (St-77). This measurement was 
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performed using an unconventional experimental technique utilizing 
a gaseous helium target which enabled the absolute cross sections 

to be determined very accurately. Therefore, those cross sections 
were used to determine the present, effective target thickness. 

The back angle cross sections were measured in two major 
experimental runs, and the thickness measurement was performed 
twice during each run: at 500 MeV and 350 MeV during the first 
run and at 200 MeV and 500 MeV the second. 

Because of the larger cross sections and the resulting high 
count rates at very small angles, the thickness measurements were 
made at as large an angle as was feasible. The first two measure- 
ments were taken at a central angle of 14°, but, during the analysis, 
the solid angle defining MWPC windows were shifted to be centered 
about 13.6° to ensure that the detected protons were not affected by 
oe walls of the horn (either by attenuation or by inscattering). 
The second two runs were done at a central angle of 13° to minimize 
these problems. The resulting target thicknesses were the eens for 
these different angles. 

In the analysis of the data, windows were placed on the two 
wire chambers, defining the active area to be 15 wires wide (0.64°) 
by 30 wires high G28 )5 for a solid angle acceptance of 2.52 x 107" 
sr in each arm. The windows restricted protons to a small, central 
area of the detector because, as is discussed in reference (Ca-77), 
the efficiency of the Nal counter telescopes drops very rapidly 
near the edges eae high incident proton energy. The small active 


area ensured that at each energy, the efficiency would be approxi- 
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mately constant for all particles selected, 

The events satisfying these two windows, having the required 
DCR bit present (signifying either FL‘PS-L or FR*PS-R) and with all 
dead time pulser events vetoed, were binned according to the proton 
energy in the NaI counter. The Nal counting rates nad been adjusted 
so that the fraction of the total number of pulses that 'piled-up' 


was negligible. The number of counts in the full-energy peak was 


simultaneously corrected for the dead time of the system, as discussed 


in Section 2.7, and for the prescale factor. Since all signals from 


the plastic scintillator in each front telescope were prescaled 
indiscriminately (see Figure 15), the ratio of dead time pulses 
accepted into the computer to the number sent to the detectors was 
equal to the product of the prescale factor and the usual dead times 
in the electronics and the computer. The ratio of the appropriate 
scaler sums (see Figure 15 and Table 1) provided redundancy in the 
determination of the prescale factor, which was the largest factor in 
the above-mentioned product. 

Runs were taken with the empty target for each measurement 5 
these runs were analyzed in an identical manner to the target full 
runs. The difference in the number of counts in the proton energy 
window between the target full and target empty runs, was used to 
calculate the target thickness, with the target empty results appro- 
priately normalized according to the relative charge on target for 
the two runs. The ratio of target empty counts to target fulT 
counts ranged from 7% at 500 MeV to 20% at 200 MeV. 


The target thickness N7 was calculated for each run according 


to the formula: 
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do x N,. x AQ x € 
dQ 


N= 


3.4 


where: 


N= the number of target nuclei / cm?, 


Y = the net counts detected, 


do = the differential cross section in cm*/sr, 
dQ 
Ny = the total number of protons on target, 


AQ = the solid angle acceptance in sr, and 


€ = the counter telescope efficiency (in absolute units). 


The cross sections used were the average cross sections over 
the 0.649 wide acceptance window. The number of protons on target was 
calculated from the ion chamber integrated charge as described earlier 
in this section. The efficiency measurements (Figure 10 and (Ca-77)), 
were fitted with a fourth-order polynomial by a least squares fitting 
routine. This polynomial was then used to calculate the efficiency 
at any required proton energy. 

Table 5 presents the relevant parameters leading to the values 
of the target thickness obtained in the four separate runs. The 


final target thickness (N,.) was taken to be the arithmetic mean of the 


four individual measurements, resulting in a final target thickness of: 


Ne = 1.455 x 1022 nuclei/cm?. 


74 


ve 
Wy 


ep hi) betk:t Gas MV { eee fm ay — . uty 


ye ‘ aru mast 4 Yo ; px i rite” antl Pea 


2) vi asthe aL ie “ 


ray : Me y 7, fen ; 


pac 


eT i 


ects Yes Seni ORR 

1 ; f : | : ; i : - 'y 

wiaiy' rr Hs a3 Pea Sb F 
er ayorg Fer toelnbyat Mas ie en Bai 
whe ne i at “vu 7 ; 


yet 
LAS 


Fi "Te alta aie vaca rei ae rs 
i - Mapes m | ste ‘ hs Mine 


i) ees is. VE. say ‘panta ’ 


i ' 


; 2 ; { i ( nl eh A i * H i, rae 
A, 


ry 


a) iThe a 


5 Leas aren Pare Ted dor oy, 


. Rae i i it al) ‘ 
t salt 4) hy a 
Mi Iv ' : " | ack ‘ie rane an 
ef He nivy Wy ae 4 ‘ego 
. iS ; 


oA ri 


— 


1D 


*3X97 94} UT AT[NJ pessnostp eae AQuTeqzo0UN STY} JO sjusuoduo0s ayy 4 


oN 


sage ee Fe ee eee ee ee eee 


Gu Foren (7701 6900s > Ob =eecy 1) 


7°S ZoUle bOceL c77 0 OY c¢ 09 cL 00S 

ES CoULS CGy 1 847C°T 67 8° TS 2 Tass 8 00S 

0°S 70 ta LEG" 7 Sec 0 Sue Bese ROS OSE 

than zzOl * 999°T OF 7eal vay €°Ts el 0072 

a aa a arg ee I Se. omnes yh eat 
(Z) (,Wo /TeTonu) (Tnoon) (Z) (1s / qu.) (se0i18eap) (AW) 

1 NY AVUTe}A80ug be SSOUNOTYL - Jo31e], UuOT}99S Sssolrg Bp eT3suy AB1r0uq 
TeqoL qesiel uo e8aeyQ =u AQuTeqisoug ‘op AS ene weog 

Teo] 


— sh ., 2 £ 2 ye ke ee a ee ee ee 


UOTIeUAOFUL SsoauUyoTYL 3o3Are], 


G ATEVL 


~ 
4 
wy 
me - 
i s f 
v “ 
; 
~% ; 
ive 
i 
a 
ie - s, 
} : nan 
ih . ta 
» 
4 i 4 j * 
F v 
t ou 
‘s { iy ny 
. | 
if 
8 
ys 
) 
= 
- 
? 
} 
r 
7 
7 
2 
foe 


Ss 
ae Se 7 


76 


This is, in other units, 96.7 mg/cm* or 7.74 mm of liquid “He, 
assuming a bupnleeeres liquid. That indicates a deformation of 

1.37 mm for each of the target cell windows. A subsequent measure- 
ment of the physical thickness of the target cell, performed by 
pressurizing the cell and measuring the cell thickness with calipers, 
corroborated the in-beam measurement. 

Two of the four target thickness measurements were performed 
with polarized beam. The two runs with unpolarized beam (500 MeV, 
13.69 and 200 MeV, 13°) had left-right asymmetries close to zero. 

For the two polarized runs (350 MeV, 13.69 and 500 MeV, 13°), the 
analyzing powers were calculated (see Section 3.4.2) and found to be 
in excellent agreement uieh the values given in (St-77), providing a 
consistency check against experimental biases. 

The errors in the cross sections that are presented in 
Table 5 are the errors stated in the original paper (St-77) with one 
exception. That paper lists a 5% uncertainty for the ionization 
chamber normalization, the same value presented in this section. But, 
because the same ion chambers were used for both the small angle 
cross section measurements and the target thickness measurements, it 
is the relative beam currents, not the absolute currents, that enter 
eq. 3.1. Therefore, the uncertainty in the absolute normalization 
does not appear in this calculation, but will appear with the un- 
certainties associated with the large angle measurements (see Section 
3.2). However, a 3% ms can WOE in relative ion chamber gains has 
been allowed for (this uncertainty has also been discussed earlier 


in this section). This uncertainty was added in quadrature with the 
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other uncertainties presented by Stetz et al. (St-77) to obtain the 
cross section uncertainties given in Table 5. Calculations showed that 
a small angular uncertainty, caused by the effects of the finite beam 
spot size, resulted in a negligible uncertainty in the cross sections 
used. Other uncertainties enteric into the target thickness values, 
besides the statistical uncertainty in the number of counts detected in 
each run (between 1 and 2%) are: the uncertainty in the solid angle 
determination (1%), the efficiency uncertainty (1% for the 200 MeV and 
350 MeV runs, 2% for the 500 MeV runs), the uncertainty in doing the 
target empty subtraction (1%), and the uncertainty in the dead time 
corrections (2%). All of these were added in quadrature to yield the 
total uncertainty in Ny, given in the last column of Table 5. 

The uncertainty A(Nr) in the final target thickness was 
taken to be the standard deviation from the arithmetic mean, yielding 


the value: 


A(NT) = 6.3 x 1029 nuclei/cm* = 4.3%. 


3.1.3 Target Bubbling Tests 


In addition to the above measurements, a series of short 
runs was made at a range of beam currents to investigate the target 


bubbling question. These measurements were made at Oproton = 1440 


and a beam energy of 185 MeV. Six runs were taken with the beam 


current varied between 0.25 and 3.80 nA, within a total elapsed 
time of 2.75 hours. The data were analyzed in the same manner as 


the regular backward scattering runs. The results, plotted as the 


number of particles detected per unit charge as a function of beam 
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current incident on target are presented in Figure 26. The or- 
dinate, referring to eq. 3.1, is proportional to the target thickness, 
for any particular angular setting of the counters. Also plotted 
in Figure 26 is the weighted mean of the six renites. An exami- 
nation of the results shows no statistical evidence for beam 
dependent target bubbling over the range of currents used. That AS, 
the helium target thickness was independent of beam current for the 
present experiment. 

A simple calculation verified the above result, showing that 
10 nA of 200 MeV protons would lose approximately 5 milliwatts of 
power in an 8.0 mm liquid 4He sample. This power would vapourize 
approximately 2 x 10-° ml of liquid “He per second. However, this 
calculation did not take into account other sources of heat to the 


target cell. 


3.1.4 The Target Thickness and Beam Movements 


Another circumstance which could have led to a change in 
the effective target thickness was a movement of the beam at the 
target. ae the target windows were not flat, but were bowed, 
the target thickness was not uniform across the cell face. The 
situation is illustrated in Figure 27, a scale diagram of the target 
cell with a typical beam spot. It is probable that most of the 
foil distortions took place near the edges, and that the radius of 
curvature of the foils near the center of the target was very large. 


Thus, the target thickness would be slowly changing near the center, 
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and small shifts in beam position would not have led to drastic 
changes in target thickness. 

During initial set-up of the beam at each new energy, 
the beam was carefully aligned using the beam profile monitors 
and scintillation screens described in Section 2286 that the 
beam was passing through the center of the target. One monitor, 
immediately after the target was frequently checked to ensure that 
the beam had not moved. In general, however, the beam, once es- 
tablished, was very position stable over many hours. Large movements 
of the beam, should they have occurred, would have caused excessive 
radiation spill further along the beam line, leading to prompt 
rectification. Large movements would also have initiated dramatic 
changes in the on-line spectra and in the detector counting rates, 
which would have been very obvious. These were not seen during the 


runs. 
Bie Data Corrections and Uncertainties 


3.2.1 Data Corrections 


As discussed earlier (Section 2.6), runs taken with an empty 
target proved that background contributions to the elastic 
scattering data from the target walls were negligible. Analysis of 


full target runs, with a time window shifted by one r.f. period, 


proved that random coincidences of particles were also negligible. 


The efficiency of the counter telescopes for detecting, with 


a full energy pulse in the Nal counter, a proton of a particular in- 
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cident energy was determined according to the data presented in 
(Ca-77). The energy of the proton at the front face of the Nal 
counter or of the copper (if any) determined the detector efficiency, 
in accordance with the convention adopted in (Ca-77). This energy 
was calculated from the initial kinematics and proton energy 
losses in the materials the protons passed through between the 
target and the detector. These losses varied from 2 to 6 MeV, 
typically. The Teesrseieeioe of the efficiency measurements to a 
particular energy utilized the method described previously (Section 
3.1.2). The detection inefficienefes ranged from 4.2% to 17.4%, 
depending on the proton energy (see Figure 10). 

The dead time corrections, discussed fully in Section 2.7, 


were applied to the data. 


3.2.2 Data Uncertainties 


Since the uncertainties associated with measurements of 
differential cross sections and analyzing powers are very different, 
the uncertainties in each type of measurement will be discussed 
separately. 

The present measurements sf differential cross sections 
involved uncertainties in: (1) the number of events detected, (2) 
the system dead time corrections, (3) the efficiency for detecting 
events, (4) the total proton flux incident on the target, (5) the 
target thickness, and (6) the solid angle determination. The 


statistical errors in the number of events detected are, of course, 
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different for each data point (see Table 6,.0ecttion 3.3)... .in 
general, however, the statistical uncertainty in each cross section 
was between 1 and 3%. The uncertainty in the dead time corrections, 

a relative uncertainty in each data point, was estimated to be not 
larger than 1%. An examination of the efficiency uncertainties 
quoted in (Ca-77) and an allowance for a possible lack of precision 
in the interpolation between the measured efficiencies resulted in 

an approximate uncertainty of 1% between cross sections at different | 
beam energies. The accuracy of the determination of the total 

proton flux incident on the target was stated as + 5% (Section 3.1.1). 
Approximately one half of this uncertainty may be considered an 
overall scale uncertainty, and one half as an uncertainty between 
data points at different beam energies. The precision of the target 
thickness measurement was previously stated to be + 4.3% (Section 
3.1.2), a contribution to the overall normalization uncertainty in 
the cross sections. Another contribution to the overall normalization 
uncertainty is the uncertainty in the solid angle determination, 
which was estimated to be not greater than 1%. The above uncertain- 
ties, excepting the statistical and dead time correction uncertainties, 
give an uncertainty between cross sections at different beam energies 
of 3.7%, when added in quadrature, and an overall scale uncertainty 
of an additional 5.7%. 


A problem peculiar to the *He(p,d) data, acquired with the 


elastic scattering data, led to the possibility of a small beam mis- 


alignment (either lateral or rotational) for some or perhaps all 


of the data runs (see Appendix A for a full discussion). Such a 
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misalignment would change the scattering angle between the beam 
and the detected protons by a small amount (approximately 0.259), 
However, because measurements were made with both left and right 
counters and with both beam polarization directions, neither the 
cross sections nor the analyzing powers would be affected by this 
misalignment. 

An important matter in the measurement of apeoies cross 
sections is the reproducibility of the data. One illustration of 
the reproducibility of the data is given in the target bubbling 
tests, discussed in Section 3.1.3. In addition, repeated runs at 
the same angle and beam energy at different stages of an investi- 
gation gave etarlecically consistent values. For example, the cross 
section at ©, ab = 144° was measured 5 times during the investi- 
gation at 200 MeV, and the results were found to be completely 
consistent. 

Uncertainties associated with the analyzing power measure- 
ments include possible errors in: (1) the measured left-right 
scattering asymmetry (statistical uncertainty), and (2) the value of 
the incident proton beam polarization (normalization uncertainty). 
The analyzing power experiments measured left-right scattering 


asymmetries with identical counter telescopes and with both beam 


polarization directions. Therefore, quantities such as the target 


thickness, proton beam flux, detector efficiencfes and solid angles 


did not enter into the calculations, and the effects of any instru- 


mental asymmetries were suppressed. The present methods also ensured 


that small uncertainties in the scattering angle due to errors in the 
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incident beam direetion at the target would not affect the results. 
The measurement of separate dead times for the left and right de- 
tector combinations ensured that dead time inequalities did not 
result in false asymmetries. 

One method of calculating the left-right scattering asymmetry 


ena? described in Section 3.4, used the formula: 


+ N = N aN 3.2 


where Noy is the number of particles detected by the left detector 


with the spin up, Nap is the number of particles detected by the 
right detector with the spin down, etc. The derivation of eq. 3.2 

| assumed that the beam polarizations with spin up and spin down 

were of the same magnitude (see Section 3.4.2 for further discussion 


of this point). Then the statistical uncertainty in the asymmetry 


(Ac) can be represented by: 
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where de is the partial derivative of eq. 3.2 with respectesco Ney? 
ON, y 


and AN is the statistical uncertainty in Noy (approximated by 
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Evaluating this equation leads to the formula: 


LU RD RU LD 


The uncertainty in the value of the beam polarization in- 
volves uncertainties in the correction to the measured polarimeter 
asymmetry op due to C(p,2p) reactions in the CHp polarimeter 
target (see Section 2.4.2) and in the value of the analyzing power 
for p-p scattering which was used to relate the polarimeter 
asymmetries to the actual beam polarizations. The uncertainty in 
the polarimeter asymmetry caused by the carbon correction is ee 
timated to be + 3% at each energy (fen (Ac 5/ Epp? = 0.03). The 
p-p analyzing powers aa used in this experiment, en in Table 7 
in Section se were obtained from a recent phase shift analysis of 
all relevant p-p scattering data (Am-77). The uncertainty in these 
analyzing powers is approximately + 22% at each energy {i.e., (AP! 


Bae 0.02). 


3.3 The Elastic Scattering Differential Cross Sections 


Elastic scattering differential cross sections were measured 
at incident proton energies of 185, 200, 225, 250, 275, 300, 350, 
400, 440 and 500 MeV. The 185 MeV beam was the lowest energy beam 
that could be extracted from the cyclotron. The energies of 440 
MeV and 300 MeV were chosen to coincide with the Berger data (Be-76b) 


in the same angular region, so that the experiments could be directly 
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compared. The cross sections were perce at four or five angles 
between about 145° and 1689 in the laboratory for each of the ten 
energies studied. The requirement that both front and back de- 
tector assemblies be positioned at integral depraes (see Section 
2.4) determined the exact proton angles measured. 

Before presenting the primary results from the experiment, 
some details of the method of calculating the cross section will 
be discussed. The data, because of the necessity for spin up, spin 
down, and (occasionally) spin off measurements for the studies of 
analyzing powers undertaken simultaneously at. most beam energies, 
were obtained in two or more separate runs for the majority of 
points. A differential cross section was calculated for each run 
from the total number of counts obtained in both arms of the ex- 
periment. If more than one run existed at a particular angle and 
energy setting, these individual cross sections were combined to form 


a mean cross section according to the equation: 


Ath 
where Q. is the integrated beam current on target for .theuieeecun. 


This is equivalent to a calculation of the mean cross section from 
n 


the total yield from all appropriate runs co Ys the total 
n 
charge ( 2 Q.), and other relevant parameters. 


j=l 


However, an ad- 


vantage of the present method was that cross sections from individ- 
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ual runs could be examined for anomalous results. The statistical 
uncertainty in the cross section data presented is the uncertainty 
in the total number of counts obtained at that angular setting for 
that energy. 

The *He(p,p) ‘He differential cross sections are presented 
in Table 6, and are illustrated in Figure 28 versus cos shi and Pate 
The variables t and u in Table 6 are standard Mandelstam invariants. 
Some useful relationships between the variables t and u and center 
of mass system scattering parameters are given in Appendix B. 

All of the cross sections were obtained using two symme- 
trical detector assemblies except for two points at 300 MeV, ©, ab = 
152° and 1579, which were being measured with unpolarized beam. 
For the only run taken at 1579, and for one of the two runs taken 
at 1529, the back right wire chamber did not produce valid coordinates. 
The other back wire chamber operated normally, however, and the data 
from this telescope was processed in standard fashion. The individ- 
ual cross sections from the two runs at 1529, one with both arms 
operating, one with the single arm, were in agreement, within 
statistics. As a consequence of this occurance, however, these two 
data points have somewhat larger statistical uncertainties than do 
other points at this energy. Also, because of the possibility of a 
slight beam misalignment (see Appendix A), the cross sections at 
these two angles have a (proton) scattering angle uncertainty of 
#05250: 

Referring to Figure 28 and Table 6, the most striking feature 


of these cross sections is the absence, in this angular region, of 
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FIGURE 28, The elastic scattering differential cross sections as 
functions of cos Om and Ocm. 
exponential fit to the data as a function of cos Ocp. 
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the marked backward peaking that has been observed at both lower 
and higher energies. The cross séctions at 500 MeV decrease 
slightly towards cos ha = -1.0. The slope of the angular dis- 
tributions becomes more negative from 500 to 440 to 400 MeV. Then 
this slope becomes less negative until, at 300 and 275 MeV, the 
cross sections decrease very slightly towards cos oe = -1.0. 
The cross sections are approximately constant at 250 and 225 MeV. 
At 200 and 185 MeV, the angular distributions exhibit weak back- 
ward peaking at the een angles, which changes to decreasing 
cross sections at the most backward angles. It should be recalled, 
at this point, that a primary motivation for this investigation 
with small increments in the incident beam energy was the search 
for the presence of structure, in particular, a sharp minimum 
which might occur near 240 MeV (Le-76); this structure would ex- 
tend over the entire angular range covered by the present experi- 
ment. There is no indication of such structure in the data, but 
a clear pattern of a change in the shape of the angular distribution 
at Bereeme cely the energy predicted for the minimum does emerge. 
In order to display the energy dependence of the cross 
sections, the angular distributions were extrapolated to cos cae 
= -1.0. The data were fitted with an exponential function of 


cos 0 which was then used to calculate the 180° cross section; 
cm 


these functions are shown in Figure 28. The 1809 cross sections 


obtained in this manner, together with similarly extrapolated values 
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from eer atente at other energies (49 MeV - Da-67; 85 MeV - 
Vo-74; 100 MeV - Go-70; 147 Mev - Co-59; 156 MeV - Co-75; 298, 
438, 648, and 840 MeV - Be-76b) are illustrated in Figure 29. Any 
extrapolation procedure has inherent uncertainties, especially for 
experiments that do not extend as far backward as the present 
experiment. However, even large differences in extrapolations on 
the scale of Figure 28 leave the trends in the excitation function 


of Figure 29 unchanged. 


The predicted minimum in the 180° cross section is not pres- 
ent between 185 MeV and 300 MeV. However, the cross section at 
180° as a function of proton energy exhibits double exponential be- 
havior. There is a rapid decrease from low energies to about 
200 MeV in nearly exponential fashion. Beyond 200 MeV, the cross section 
again appears to decrease exponentially with energy, but with a 
much smaller slope than previously. This change occurs very near 
the energy where the angular distributions change character. 

Another trend in the experimental data evident in Figure 29 
is that the Berger data (Be-76b) are consistently larger than the 
values of the extrapolated cross sections obtained in the present 


measurement, although the measurements do agree within stated 


absolute errors. In addition to their statistical uncertainties, 


which ranged from 6% to greater than 15%, Berger et al. (Be-76b) 
assigned a 10% normalization uncertainty to their data. 
Further comparisons of the data from the present experiment 


and other experiments inthe same energy region are shown in Figure 


30. The present data at 185, 300 and 440 MeV, the Berger data at 
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FIGURE 29, 


O 200. "400 COG so 
Proton Energy (MeV) 


The elastic scattering cross sections extrapolated to 180°, 
as a function of proton energy. The pluses are the present 
data, the circles are data from previous experiments (see 
text for references). 
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FIGURE 30. The elastic scattering differential cross sections vs. cos 
Ocm, for the following energies: ©: 185 MeV, present data; @: 
300 MeV, present data; &: 440 MeV, present data; @: 147 Mev, 
(Co-59)3 +: 156 MeV, (Co-75); @: 298 MeV, (Be-76b); x: 438 
MeV, (Be-76b); ®: 648 MeV, (Be-76b). The curves are triton 
exchange model calculations (Le-76) at 298, 438 and 648 Mev, 
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298, 438 and 648 MeV (Be-76b), the 156 MeV data from Comparat et al. 
(Co-75), and the 147 MeV data of Cormack et al. (Co-59) are pre- 
sented. The solid lines shown in Figure 30 are the triton exahange 
model calculations of Lesniak et al. (Le-76) compared to the data of 
Berger, which will be discussed in Chapter IV. The present results 
are in substantial agreement with the Berger data at 440 MeV, while 
the Berger results are larger than the present results at 300 MeV 
by approximately 25%. The 156 MeV and 147 MeV data, which are very 
similar, illustrate the fact, evident in Figure 29, that the magni- 
tude of the cross section below 185 MeV increases rapidly. The 
shape of the 156 MeV data is similar to the data at 185 Mev. In 
particular, very slight evidence (one data point) is seen in both 
the 147 MeV and 156 MeV data for a decreasing cross section for 
|cos | > 0.95, as is observed near 200 MeV in the present experi- 
mental data. 

Another interesting feature is the strong backward peaking 
reported at 648 MeV, which seems to be still stronger and narrower 


at 840 MeV. In the present data at 400 MeV and 440 MeV, the angular 


distributions decrease with increasing angle. At 500 MeV, the cross 


sections are still decreasing with angle, but not as rapidly. This 


may: be the first evidence for the onset of the backward peak. 


o.4) the Piaseie Scattering Analyzing Powers 


3.4.1 The Beam Polarization Calibration 


The quantity which was actually determined in the present 
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measurement of the *He(p,p) “He analyzing power P.. was the left- 
e 


H 
right scattering asymmetry ue" This is related to the analyzing 


power by: 
€ = P I chy: 


where P. is the absolute polarization of the beam. Thus, an accurate 
determination of Pie depends not only on a precise measurement of 
fue? but also upon an accurate knowledge of the incident beam polari- 
zation. 

The beam polarization was monitored by a polarimeter (described 
in Section 2.4), utilizing elastic proton-proton scattering as the 
calibrating reaction. This polarimeter measured the left-right scat- 


tering asymmetry caet given by: 


a = Bie Pa A Send 


where Da is the analyzing power for p-p scattering at the polari- 


meter angle, = 179, The measured polarimeter asymmetry was 


bas 
corrected for the effects of the carbon in the CH, target to obtain 


€ . Calculations showed that p-p inelastic reactions (pion production) 
PP 


would not have produced significant effects in the polarimeter. The 
p-p analyzing powers used for the determination of the beam polarizations 


are given in Table 7. These analyzing powers were obtained from the 


recent phase shift analysis of the BASQUE group at TRIUMF (Am-77). 
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TABLE 7 


Polarimeter Analyzing Powers 


Proton Proton-Proton 
Energy Analyzing Powers*t 
(MeV) 


185 +0.291 
200 Sie 
225 341 
250 367 
350 436 
400 459 
500 506 
AMG GE te AY 


+From Am-77. The uncertainty in these analyzing 


powers is approximately CAE ron mete 02s 
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3.4.2 Calculation of the Analyzing Powers 


For each measurement of the analyzing power, at least one 
run was made with the beam polarization (spin) up and one run 
with spin down. A limited number of measurements were made with 
spin off to investigate instrumental asymmetries. These were 
found, in general, to be < 0.03. 

The primary method of calculating the scattering asymmetry 


Eye made use of the formula: 


EE ty de RRR TRO CN ENTE: CES PEE EEGAD fe O42 


with the symbols previously defined in Section 3.2. Incorporating 
measurements taken with both polarization directions and both left 
and right detectors in this manner eliminated the need to use such 
‘factors as detector efficiencies and solid angles, and suppressed 
the effects of instrumental asymmetries. 


This formula is an extension of the expression: 


3.8 


which is used with two detectors, but with one spin orientation. 
In general, the spin up and spin down runs did not have 


beam polarization of the same magnitude, nor were the two runs of 


equal duration. The beam polarization was, therefore, taken as 


the mean of the polarizations for the two separate runs, weighted 


by the integrated beam current, and was calculated from: 
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=. Huldy + IP 


P3 i. ae any sD 3.9 


oy i % 


where 2562) is the integrated beam current on target for the spin 
up (down) run, having beam polarization Pep) The helium 
analyzing powers were then calculated according to Cq2.05.0 and. ons. 
| In order to verify the above calculations, the helium 
analyzing powers were calculated by a second, completely independent 
method. This secondary method calculated an asymmetry Ene for each 
run, including spin off runs, according to eq. 3.8. Similarly 
malcutated for each run was the polarimeter left-right asymmetry op 
Then a graph was plotted of Ewe VS: Ss and a best straight line 
was fitted to all of the points on the graph, with a statistical 


weighting factor. The slope of this straight line, 'B', is given 


by the relationship: 


that is, the slope is the ratio of the mean scattering asymmetries 
from the helium and polarimeter targets, or equally, the ratio of 


the respective analyzing powers. The helium analyzing power was 


calculated with the aid of this equation. 
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3.4.3 The Elastic Scattering Analyzing Powers 


The elastic scattering analyzing powers calculated by 
both methods are presented in Table 8. As can be seen upon ex- 
amination of the results, the analyzing powers calculated by the 
two methods are in close agreement. The largest difference between 
the two methods is 0.012, and the average difference between the 
two values is 0.0032. Another important fact to note is that the 
sign of the difference oneaes to be randomly distributed, i.e., 
one method is neither consistently larger nor smaller than the 
other. However, the analyzing powers calculated by the primary 
method, i.e., using eq. 3.2, are the values which will be discussed 
below. 

The analyzing powers are shown in Figure 31 (a to g) as 
a function of laboratory scattering angle for each of the seven 
energies measured. The error bars shown correspond to the sta- 
tistical uncertainties. The statistical uncertainties in the 
data points are quite small at the lower energies, but become 
larger as the energy rises and the differential cross sections 
decrease. 

The data at 500 MeV, 400 MeV, 350 MeV and 250 MeV show a 
similar angular dependence. The analyzing powers decrease from 
1459 to about 1609 then increase very rapidly. The analyzing power 


reaches a minimum at 400 MeV, where the value at the peak is below 


-84%, and decreases rapidly in magnitude at both higher and lower 


102 


casino ie 


Pie 


ae ace : Be ie! i anise 


ate r a ; ; 
‘5 i ; : ‘ sf : f 
¥ ; ; un i a ” y i tea nS ‘ hes a ms 
ney tes ea ben niyo tay ies RRL, ae A hale ae Par 
i) Ua Aa i.) ROMO git? artis py 
at ; oR es i Bh RO BA Bk ao 


xi + a He 


Pr a i j Xe 4 
Pe ee o 
‘| 
. va 
a. P 
| ™ 
att f “ 
; i 
i 7 % ay 
} } a f J are ae 
i i ae, ie ae 
{ fe We 2 ene hihbat 
ir Y ; mt ‘ > in 
; Oia Ba a aii ae 
i " 
na, 
He 
iy 


ihOe 


So iam ope alba ea sie 7 sa wie wee a 


1 Wadetg Mil a8 Chali tan p, ORE y cna (Oda 


: ne ‘ih ‘nbeik aly Atel yp. Sate 8 iy ORE: 
6 yan nies RE «4 AMS aa veo kuna 
ahi + yi: iF ie: ] x ; " 
hs - ’ Pipa ee i 7 ; Mar? Nay. iH; : A} vy 


leaiew nit ie ene a th ‘alan, ian tri vente ae | a 1 : 


LOS 


6T0° hee = bi 891 
ZZ0° 6€y° - kocge = €9T 
610° Ory? - Zin? = 8ST 
610° Ozy° - Sa Aa 
8I0° laa = Guin an yy GZe 
ZZ0° S05: = ise 891 
0z0° SoG: = 096° = COT 
0Z0° ie = CoG. = 8ST 
4T0° Coe coo. ZST 
LT0° Sy QIy* - yy 002Z 
yI0° 0€z* - TZ Sot 
€T0° 612 = ‘Ale €9T 
E10" eo = 60€° = 8ST 
€10°0 Nee 0 6Ecc0- aol S8T 
ee Bs ee ee 
_ (s90aZep) (A2W) 
AQUTe{Ae0Un uoTIeTNITe9 uoTqeTNoTe) get AS 10uq 
TeorTqIstT3eI5 Axepuoves Areut ig 8 weeg 


ee SE ae ee 
temog BurzkTeuy 


| 


Siemog sutzATeuy Suytaeq.eIS ITASeTY 


8 FIAVL 


nr ot af 
Wey 4... 


ype al Lf ts 

Wie cans iene” aia 

Jig oe rae Re en 
Muir bs home + Gay 


s aw i 


a 
both ed eo 


104 


£70" Se Ea fe 89t 
5) Oe EIB es SLS" = sot 
270% S89. = Oo aia O9T 
VEO" 9E0 ea SC) seas 7ST 
9E0" T6SG FS OSS” «= TST 
770° Sooo EEG aes wal 00S 
LEO” 3 9 ge ESD ai 89T 
SEO" OP 0) 7 ca Cou 
O£0° VOe Sie, n= LST 
0€0° oy i Shey aay a cST 007 
c£0° Oy sae LS 89T 
0€0° So la COLs ae ee 
820° COL) = CG) ane LST 
820° a ee RE ees cST 
620° £69" S695 == 971 OSE 
6€0° A E6E 89L 
£Z0° 7eGo = CCS ac £OT. 
620° OOS tae SOtaas 8ST 
Sc0° 607 07s cST 
€c0°0 06Z *0- 787 °O- MPTAR OSZ 


ar ee Se Ree ee 
| (so0idep) (A2W) 


AjutTeqie0ug uoTjep[noTe9 uot ze[noTe)9 Mel A3810uq 
Teotastieqas Azepuoves Azewtig weeg 


ener ee 


temog 3utzATeuy 
a ee et ee 


(penutju0s) g FIGVL 


i 
5 
iy! 
ii 
mie 


i 
* 
an 
¥ 


e 
i 


, 
pet lame 


, 


Ui 


rm, 


105 


Aq peqeotpuyt eqep auL 
weeq yore 103 ATsjeredas umoys 


Ost OZIL O9lL OSL 


OZb O9b OSL OSL OZL O9b 


is 


q roe 


*ATUO Setjureqzeoun TeoTA@sTIe 


APW OSZ ©) APW Szz ©) new 00Z @) 


“AON LvT We (66-095) worz oae (8) ut sessoizs 
S 942 91% uMOUS SoTQUTeqAe0uUn BU], *ASIstte 
‘d@Tg JO uotqouns e se sazomod Sutz<veue 

6) Se e + ° L 


3UT4I933e2S OFISeTS SUL °Te aunotTa 


(S@euBap) aj/6uy A40zD40OgGD] UOC,OUY 
Ost OZL OSL OSL OslL OZL 


OSL OSL OFL 


08*- 


on 
A2eW OOF GC) APN OSE OC 


O 
(seeubap) afBuy Ku0youoqgn] u0}.OUg 


OSL O8b OZt O9L OSL O8b OZtb O9b OGL OVL 


YAMOd ONIZATVNV 


09°- 
tf 


OCe= 


GVO+ OF 
Jouse | 


ener sted Ce mart 


106 


energies. At 225 MeV, the sharp dip that was evident at higher 
energies is not observed, although the magnitude is similar to the 
250 MeV data. The 200 MeV and 185 MeV data are not peaked at all 
in this angular region. The analyzing powers = these two energies 
have their largest Magnitude at the most forward angle measured, 
and this magnitude drops as the scattering angle increases. The 
magnitude of the analyzing power at a given angle is still dropping 
with decreasing energy. An important feature of this change in 
character is that it occurs at the same energy where the cross sec- 
tion angular distributions show some evidence of change. This may 
indicate a change in the reaction mechanism. 

Also shown in Figure 31 (a) is the data in this angular 
region from the only other analyzing power measurements near the 
present energies (Co-59). The data at 147 MeV are seen to be in 
qualitative agreement, taking into consideration the energy difference 
between the experiments and the uncertainties of the 147 MeV data. 
The trend seen from 225 MeV to 185 MeV of an analyzing power which 
decreases in magnitude is seen to continue to 147 MeV. 

A useful method of illustrating the trends in the analyzing 
powers with angle ani energy utilizes acontour plot, shown in Figure 
32. The angular coverage of the present experimental data and that 
of Cormack et al. (Co-59) are shown in the diagram. The drawing of 


the contours is inherently uncertain; wherever these uncertainties 


become excessive, the contours are dotted. The dip of < - 80% near 


400 MeV stands out clearly, surrounded by generally well-defined 


contours to — 50%. Below 300 MeV (where analyzing power measure— 
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ments would clarify the details of the polarization contours 
between 250 and 350 MeV), the contours take on a much more complex 
behaviour than that evident at higher energies. The isolated 

- 40% contour is not well established, but cannot be eliminated 

by the present data. The positive analyzing powers near Oe =4170° 
and 150 MeV are suggested by the trends of the 147 MeV data, but 


have not been verified experimentally. 
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CHAPTER IV 
THEORETICAL INTERPRETATIONS 


The study of large angle proton elastic scattering from 
light nuclei, which has recently intensified (Vi-70, Al-72, Ko-/3a, 
Du-74, Be-76b, Fr-77), can contribute to many interesting problems, 
among these being the large momentum behaviour of nuclear wave 
functions, the role of nucleon isobars in scattering processes, and 
the importance setae ee processes. However, after much theore- 
tical investigation of large angle p-d scattering (for example, 
Ke-69, Cr-69, Ba-72, Ko-73b, No-74), very few definite conclusions _ 
have emerged. It is to be hoped that the study of backward p-'He 


and p- He scattering, for example, will aid in resolving uncertain- 


ties. 


4.1 The Triton Exchange Model 


One component of such an examination is the recent investi- 
gation of the triton exchange model for backward p-‘tHe scattering 
(Ko-71 and Le-76). The triton exchange mechanism is illustrated 
in Figure 33(a), and is contrasted with direct scattering of the 
incoming proton (Figure 33(b)}. Since the momentum transfer necessary 


for direct scattering (=2p, where p is the center of mass momentum 


of the iheominsuproten) is much greater than that required for triton 


exchange (=(3/4)p), Lesniak et al. (Le-76) have assumed that, at 


intermediate energies, the triton exchange process is more probable. 
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FIGURE 33, 
mechanism for p- tHe elastic scattering. 


representation for the direct scattering mechanism, 
(d) The triton 


The symbolic diagram for triton exchange. 


exchange diagram including absorption in both entrance and 


exit channels. 


(a) A pictorial representation of the triton exchange 
(b) A similar 
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Their calculations included only the triton exchange mechanism 
(also shown in Figure 33(c)); however, they did include absorption 
effects for both incoming and outgoing particles (Figure 33(d)). 
In the plane wave Born approximation (i.e., with no absor- 
ption effects), the differential cross section for the triton ex- 
change process can be written (Ig-75): 
B 


do 
ex 


dQ 
cm 


Si tec wladenale a cslae 


Here K* = 2uE ys with yp being the proton-triton reduced mass, Ey 
a 
being the (proton) binding energy of tHe (#19.8 MeV), and # (Q) 


being the Fourier transform of the relative proton-triton wave 


funce1on Cor. the 4He single particle wave function in momentum re- 


presentation). As well: 


=>: 


> 
pews 14 
i i a 


> 


= a + h(t + cos Son) 4ao 


= 
> i i m of 
with P; the momentum of the incoming proton, a, the momentu 


the outgoing alpha particle (in the center of mass system), and p 


. 4 
wave function for “He to the electromagnetic form factor for ‘He, 


determined from electron elastic scattering (Fr-67). 


Lesniak et al. (Le-76) used a wave function of the form: 


x(x) = Nl exp(-ar) (1 - exp(-8r))", 4.3 
de 
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where N is a normalization oe and a, 8 and n are parameters 
to be determined. Their resulting [¥ (Q) | is shown as a function 
of Q? in Figure 34. The sharp dip in ¥,(Q) at =4.3 fm? originates 
from a minimum in the ‘He form factor near a COUT emanen rn transfer 
squared of 10.5 fm™* (Fr-67). This minimum in [¥ (Q) | corresponds 
to 1809 p-"He elastic scattering at a beam energy of T = 242 MeV; 
Le is this reasoning that led to the suggestion (Le-76) that a 
minimum might occur in the 1809 excitation function at approximately 
240 MeV. Kopeliovich and Potashnikova (Ko-71) went through a similar 
argument in the Born approximation with a different single particle 
wave function and predicted a minimum at 190 MeV. 

In the calculations that Lesniak et al. (Le-76) performed 
to include the absorption effects, they concluded that some simpli- 
fying assumptions about the mathematical form of the absorption 
functions were necessary in order to make the calculations manageable. 
They expressed the absorptions in terms of the proton-proton elastic 
scattering amplitude and the proton-triton interaction potential 
V_.(r). The proton-proton scattering amplitude was parametrized as 


pt 
a Gaussian function of the momentum transfer, and was considered a 


high energy parametrization. The proton-triton interaction ee 


was also parametrized as a Gaussian function of the p-t separation 
Pte The p-t interaction parametrization was much less certain than 


the p-p parametrization because of the almost total lack of data 


: ; oo 
on p-°H elastic scattering at intermediate energi 


Other major assumptions used in their development (Le-76) 
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FIGURE 34. The ‘He single particle wave function in momentum represent- 
ation as a function of Q*. 
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were that all interactions were spin independent, and that the wave 
functions could be written in an eikonal (small angle) approximation. 


The eikonal trajectory was chosen along a vector: 


> > 

aA Pi ~ Pe 

ile rereacemereets 4.4 
Pa ca Pe 


so that the approximation should have been most accurate for 0 = 
1809, becoming less accurate for more forward angles. 

One significant result of these calculations was that cross 
sections calculated with absorption effects were one to two orders 
of magnitude smaller than cross sections calculated in the Born 
approximation at 438 and 648 MeV. Furthermore, the shapes of the 
angular distributions were much different for the two calculations. 

The Lesniak triton exchange calculations are compared to 
the present data at 300 and 440 MeV and previous Boat sections at 
298, 438 and 648 MeV (Be-76b) in Figure 30 (Section 3.3). A com- 
parison with the 840 MeV Berger data was not given. The theory is 
seen to agree at 648 MeV very well for |cos on >-0,65'" “Both tne 
slope and the magnitude of the calculated cross sections are in close 
agreement with the data. There is less agreement at more forward 
angles, but this may simply be an indication that the eikonal appro- 


ximation is no longer as accurate in this region. At 440 MeV, the 


agreement is quite good. At 300 MeV, however, the slope of the 


theoretical cross section is opposite to pit rams nnn at so 


the calculated 1809 cross section is high by almost Bye sa 
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The fact that the present experimental data show no indications of 
the suggested minimum near 240 MeV may be another indication that 
the triton exchange model is in some difficulty at these lower 
energies. 

The differences at 300 MeV have been attributed (Le-76) to 
the fact that the high energy parametrization of the proton-proton 
scattering amplitude (and also of the proton-triton interaction) is 
no longer appropriate. For this reason, no definite statement on 
the position or the depth of the predicted minimum was made. 

Another possible reason for the lack of success of the 
model near 300 MeV is that triton exchange may no longer be the 
dominant mechanism. (This is assuming that triton exchange does 
dominate at higher energies; other possible models will be discussed 
below). One of the most probable competing mechanisms at these 
energies is the direct scattering process (Figure 33(b)). Direct 
scattering could be significant at these energies, where the momentum 
transfer, although larger than that of triton exchange, is still 
much lower than that needed for direct scattering at 500-600 MeV. 
For example, the momentum transfers, for 1809 scattering, at 298 and 
648 MeV are 38 and 88 fm ~*, respectively (Le-76). This example also 


illustrates the difficulty of calculating the direct scattering con- 


tribution at these energies, since the ‘He form factor has only been 


“measured to 20 fm~2 (Fr-67). Definitive calculations of the direct 


scattering contributions may therefore have to await the results of 


a eer anon t of the form factor for 4yHe at higher momentum transfers, 


115 


«fy, i eA 4 


ay tugs 


dis ails ete BD hem 


TL? a ) aut A 
iy a shit 
4 


trp ae uss af Fels iy i bids BL 


ia: ry, 
hy) 


tel ake ne th ee eeraey 
ties nde i wenden pag ht vba 
‘ie i tae meee S| daeltn aan 
Wide Nt al site fake Ne Aghia tna wes 
" | ih ids Wega sahil needs: 1s sehen 
teil td aa eae ne ea ot ot aaa 9 
MOREE ME a ek ey ‘pep ped S341 3 gatsinaaoe | 
eee ee) ee aval ce 20: omen b,. 


116 


which is currently in progress (Ar-77). If triton exchange and 
direct scattering are both significant in this energy region, then 
the interference between the two processes could also be important. 
There is reason to believe that triton exchange may play 
a significant role in backward p-'He scattering; however, this 
model only considers one aspect of a much broader picture. The 
present data indicate that a more complete theoretical description 
is necessary. Obvious, although admittedly difficult extensions to 
the present theory would be to improve the absorption approximations, 
to include spin dependence in the esac cise and to include 
direct scattering and direct scattering-triton exchange interference 
terms in the calculations with the present triton exchange term. An 
especially interesting and possibly very crucial test of a more com- 
plete triton exchange theory would be the calculation of analyzing 


powers to be compared with the present analyzing power measurements. 


4.2 Non-Eikonal Multiple Scattering Model 


It has been suggested previously that the lack of knowledge 
of electromagnetic form factors at large momentum transfers was an 


| © 
important factor why the direct scattering approach to p-"He backward 


scattering was not pursued. However, Gurvitz, Alexander, and Rinat 


(Gu-76) have done essentially the inverse calculation, using large 


momentum transfer proton scattering cross sections to predict the 


; 2 4 
form factors of light nuclei such as “H and ‘He. 


Gurvitz et al. (Gu-75, Gu-7/5a, Gu-76) have formulated a non- 
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eikonal theory for multiple hadron scattering on nuclei (see Figure 
35). However, in order to calculate cross sections for p-°H and 

p- ‘tHe Scattering, form factors were needed at values of momentum 
transfer far greater than those measured. By looking at the cross 
section angular distributions for p-*H elastic scattering at several 
energies, they postulated an extrapolated form factor for 2H very 
different from those previously suggested. Using their postulated 
values, they found that the single scattering mechanism alone (Figure 
35(a)) provided a dominant part of the p-*H cross sections at large 
angles and high energies Ck, > 1 GeV/c). They also obtained close 
agreement with the data at several energies at all angles. A sub- 
sequent measurement of the 2H electromagnetic form factor (Ar-75) 
confirmed these predictions remarkably well. 

Gurvitz et al. (Gu-76) have also produced extrapolated form 
factors for 3H, 3He and *He that have not been verified experimentally. 
However, the use of these form factors did significantly improve 
their theoretical fits to the data in the higher energy regions 
which they studied. Until the form factors have been measured in 
ae regions of extrapolation, they could best be tested by comparing 


predictions obtained with their use to all relevant data, including 


that presented herein. If the single scattering mechanism with the 


postulated “ite form factor could be shown to contribute a large 


fraction of the backward p-'He elastic scattering cross sections in 


the present energy range, the importance of triton exchange might be 


seriously questioned. 
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FIGURE 35. Multiple scattering diagrams for a hadron 'x' scattering from 
a nucleus 'A' : (a) single scattering, (b) double scattering, 
(c) triple scattering, and (d) quadruple scattering, 
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Another possible use of the extrapolated form factors 
would be to calculate the direct scattering terms that were dis- 
cussed in Section 4.1, in connection with the triton exchange 
model. (The direct scattering process ae eceend in Section 4.1 
is not identical to Gurvitz's single scattering mechanism. The 
former reaction includes, among several possible detailed mechanisms, 
the latter.) 

- Since the Gurvitz et al. theory (Gu-75a) incorporates 
several assumptions, it may not be the optimum theory with which to 
determine form factors in this manner. Nevertheless, the procedure 
of using hadron scattering to obtain nuclear form factors at high 
momentum bless che does illustrate a most valuable use of backward 
proton elastic scattering and is certainly worthy of further inves- 
tigation. 

It has been recently suggested (Wa-77a) that the Gurvitz 
et al. single scattering mechanism might explain the large, negative 
analyzing powers of the present experiment. If single scattering 
(Figure 35(a)} were the dominant mechanism in p-‘He backward elastic 
scattering, then that scattering would be related to small angle 
nucleon-nucleon elastic scattering at an appropriate energy. In 
that case, the strong, positive polarization in forward angle nucleon- 


‘ 


nucleon scattering (Lo-70, Am-77) should be mirrored in strong, ne- 


gative polarizations for p-‘He scattering at backward angles. A 


very preliminary calculation showed that large, negative analyzing 


powers were indeed predicted by such a theory, but that the angular 


distributions were not similar. More detailed calculations are in 
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progress in this regard. 


4.3 Nucleon Isobar Models 


One of the first discussions of the possible role of nucleon 
excited states (isobars, or N*'s) in intermediate energy scattering 
and reaction processes was by Kerman and Kisslinger (Ke-69). In 
their examination of p-d backward scattering at 1 GeV, they added 
the effects of the exchange of a pre-existing isobar (specifically 
the N*(1688 MeV) } (Figure 36(b) } to standard nucleon exchange (Figure 
36(a)), and obtained a better fit to the experimental data. This 
model was also applied with some success to p-d scattering at 580 
MeV (Vi-70). Sharma and Mitra (Sh-74) generalized the above N*- 
exchange model to include the effects of several isobars, and obtained 
reasonable agreement with experimental p-d cross sections between 
365 and 1500 MeV. Thereafter, much theoretical attention has been 
devoted to the question of the existence of isobars in nuclei, in 
general, and in particular to their effect in backward elastic 
scattering (see, for example, Be-75, We-77, and references therein). 
The work in backward elastic scattering has concentrated almost ex- 
clusively on p-d scattering. | 

Another approach (Cr-69, Ba-72, and Ko-73b) has been to 


investigate the effects of a ‘triangle’ mechanism (Figure 36(c)) 


in p-d scattering. This approach utilizes the resonance effects of 


thep+p2rdt 1. reaction, in which the N* (1236 MeV) may be pro- 


duced in an intermediate state. One motivation behind such a theory 
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FIGURE 36. Proton-deuteron backward elastic scattering via (a) nucleon 
exchange, (b) nucleon isobar exchange, and (c) the ‘triangle’ 


mechanism. 
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is that the largest enhancement of the p-d 180° excitation function 
is near 600 MeV proton laboratory energy, which is close to the 
invariant mass of two nucleons plus the N*(1236 MeV). This theory 
has been shown (Ko-73b) to reproduce both the 600 MeV p-d cross 
section angular distribution (Al-72) and the shoulder in the 180° 
excitation function fairly well. A recent paper (Fr-77) has post- 
ulated that a 2N - 7 exchange mechanism (similar to Figure 36(c)), 
again with possible intermediate N* contributions, could explain 
some of the features of backward p-°He elastic scattering. Similarly, 
a 3N - wT exchange mechanism could be postulated as one contribution 
to p-'He backward elastic scattering. However, since no detailed 
calculations have been carried out on these last two possible 
mechanisms, their importance relative to other proposed mechanisms 
is most uncertain at the present time. 

All of the calculations of the above mechanisms have required 
several assumptions to obtain their results, and have had varying 
amounts of success in reproducing the experimental data. Several re- 
cent authors (No-74, Be-75, and We-77) agree that the analysis of p-d 


scattering in terms of isobar models is far from conclusive. 


4.4 Phenomenology of the Present Cross Sections 


4 , 
The experimental cross sections obtained for p-‘He elastic 


scattering were presented in Figure 28 (Section 3.3) as functions of 


cos 0 In that figure, the cross sections exhibited a strong depend- 
cm’ 


ence on the beam energy, OT, equivalently, the total energy of the 
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system. A useful procedure is to show the cross sections as 
functions of an energy-dependent variable, so that kinematic factors 
are largely removed from the cross sections, and more important 
dependences may become visible. Two such plots of the present data 
are shown in Figures 37 and 38, where the differential cross 
sections in the center of mass system are plotted versus the 
Mandelstam variables u and -t, respectively. Some relationships 
between t and u and center of mass system scattering parameters are 
given in Appendix B. 

In Figure 37, the cross sections at different energies in- 
crease rapidly with increasing u, although, in general, the points 
at one energy decrease with increasing u. If the cross sections were 
dominated by the exchange of a single particle (the triton), the 
cross sections should be proportional to (u - a (Du-74), where 
MM, is the mass of the triton. This function is plotted in Figure 37, 
arbitrarily normalized at 7.3 (GeV/c)*. A common dependence on this 
function is not observed, suggesting that triton exchange may not be 
a dominant part of the scattering process. However, complications 


caused by absorption effects, for example, could modify this plausible 


argument. 


However, in Figure 38, the cross sections are plotted as 


functions of (-t), and in general, the cross sections fall with 


increasing (-t), both from energy to energy and at a BA Sete De 


The trend of this t-dependence is illustrated by the solid line 


- —2.5 
in Figure 38, which has the functional form (-t) . The curve 
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FIGURE 37. The elastic scattering differential cross sections plotted as 


a function of the variable 'u'. The curve is the expected 
u-dependence of the cross section, if the reaction is domin- 


ated by triton exchange. 
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FIGURE 38. The elastic scattering differential cross sections as a 
function of the variable '-t'. The curve proportional to 
p72. 5 is purely phenomenological, to show the trends of the 


data. 
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pendence (-t)~2*5, which is need to represent the data very well, 
is purely phenomenological, to show the trends of the data. The 
dependence on t, the momentum transfer Squared between the two 
protons, suggests that some form of direct scattering may be the 
dominant reaction mechanism. A complete, theoretical calculation 
will be necessary to confirm or reject this supposition, however. 

The cross sections for the *He(p,d) 2He reaction (see 
Appendix A for a full discussion of these data) are similarly 
plotted as functions of u and (-t) in Figures 39 and 40. In 
contrast to the elastic scattering cross sections just discussed, 
the (p,d) cross sections show a general dependence on u. However, 

a unique dependence on t is clearly not present. The cross sections 
Heeressa er on energy to energy, but increase at a given energy as 
a function of (-t). 

Figure 41(a) presents the diagram for p-'He elastic 
scattering in terms of triton exchange (Section 4.1). In direct 
ee. Figure 41(b) presents a diagram for *He(p,d) He in terms 
of deuteron exchange. If the *He(p,d) reaction does proceed via 
deuteron exchange, a general dependence of the cross section on the 
function (u - Mi) iG (Du-74) is to be expected. This function is 
plotted in Figure 39 and does, indeed, follow the cross sections 
very closely. This suggests that the reaction may proceed via 
deuteron exchange, although this argument could be modified by com- 
plications such as absorption effects. 


In Appendix A, the similarities of the 180° excitation 


3 3 
functions for the reactions “tte(p,d) °He and *He(p,p)°*He were noted. 
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FIGURE 39. The +He (p,d) 3He differential cross sections as a function of 
the variable 'u'. The curve shows the u-dependence expected 
if the reaction is dominated by deuteron exchange. 
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FIGURE 40. The *He (p,d) 3He differential cross sections as a function of 
the variable '=t'. 
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FIGURE 41. (a) The triton exchange diagram for p-'He elastic scattering, 
(b) The deuteron exchange diagram for the reaction p + He > 
d+ 3He. -(c) The deuteron exchange diagram for p—%He elastic 
scattering. 
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Figure 41(c) presents a possible reaction mechanism for p-°He 
elastic scattering, which could also proceed via deuteron exchange. 
The only difference between Figure 41 (b) and (c) is an extra 
neutron in Figure 41(b). If this extra neutron is largely a 
spectator and takes a very small role in the reaction, then the 

two reactions would proceed almost identically, explaining the 


close similarities between the two reactions. 
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CHAPTER V 
CONCLUSIONS 


We have measured differential cross sections for proton-‘He 
elastic scattering for 10 proton energies between 185 and 500 MeV, 
from 144° to 1689 in the laboratory system. The elastic scattering 
analyzing powers were obtained at 7 energies in this range. Data 
has also been presented for the reaction ‘He(p,d)%He in che same 
angular region, consisting of differential cross sections at 6 
energies > 275 MeV, and analyzing powers at 3 beam ‘energies. 

The experimental arrangement provided kinematic redundancy 
in the definition of desired events, which resulted in negligible 
backgrounds in the regions of interest. The experiment featured 
good counting statistics, with a large majority of the cross sections 
having statistical uncertainties smaller than 3%. An accurate, 
absolute normalization of the data was obtained, including a direct, 
in-beam measurement of the effective thickness of the cryogenic 
4He target. 

The elastic scattering differential cross sections do not 
exhibit the backward peaking that has been observed at both lower 
and higher energies, but, instead, are approximately constant or 
slowly decreasing with angle at most of the energies measured. The 


elastic scattering analyzing powers are large and negative, and show 


strong dependence on both energy and angle. The possible structure 


J . i ested for 
in the 180° elastic scattering excitation function sugg 
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energies near 240 MeV is not observed in the data. However, 
ese changes in the cross section angular distributions, the 
analyzing power angular distributions, and the 180° excitation 
function are all evident near 200 MeV. 

The *He(p,d) differential cross sections display strong 
backward peaking. The “He(p,d) analyzing powers are small and 
negative, and show less energy dependence than do the elastic 
scattering analyzing powers. The 'He(p,d) excitation function at 


180° is very similar to that of the reaction °He(p,p) over the 


range of energies of the present experiment. One possible explanation 


for this fact is that the extra neutron in ‘He (compared to 3He) 
could act largely as a spectator in a deuteron exchange process. 
Further theoretical studies of p~'tHe backward elastic 
scattering are clearly indicated. Existing triton exchange model 
calculations do not appear to describe the data well at low energies 
(E < 300 MeV). Possible extensions to the calculations, including 
better absorption approximations and the inclusion of spin dependent 
interactions, might, however, improve the agreement with the data. 
In addition, calculations of the direct scattering process, triton 


exchange-direct scattering interference contributions, and multiple 


scattering processes would assist in clarifying the reaction 


mechanisms involved in this energy range. In particular, the com- 


parison of theoretical predictions with the measured analyzing 
powers would be 


dominant reaction mechanism. 


useful and possibly very crucial tests in selecting a 
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Experimentally, very few polarizations, or analyzing powers 
have been measured in the intermediate energy region. In particular, 
analyzing powers for 3He(p,p) 2He at backward angles would be most 
interesting for comparison with che present hie (p,d) 3He analyzing 
powers. Another, most interesting experiment would be the extension 
of the present study from 500 to approximately 650 MeV to explore the 
emergence of the strong backward peak previously observed at 648 MeV, 
but not seen in the present data at 500 MeV. The backward peaking 
must grow rapidly above 500 MeV, and a search over a fine energy grid 
between 500 and 650 MeV, similar to the present search between 185 
and 300 MeV, would prove very interesting indeed. An existing triton 
exchange model follows the backward peak quite well at 648 MeV, and 
such an experiment would investigate whether the triton exchange model 
will be in agreement with thedetails of the emergence of this backward 
peak. This would aid in clarifying whether triton exchange is the 
dominant mechanism in the region. Other suggestions for future in- 
teresting experiments include: (1) a comprehensive study of back- 
ward elastic scattering of protons from light nuclei, such as 3He and 
3H, similar to the present study of p-'He elastic scattering, and 
(2) the measurement of complete angular distributions of cross 
from tHe and other 


sections and analyzing powers for proton scattering 


light nuclei in this energy range. 
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APPENDIX A 
*He(p,d) He DIFFERENTIAL CROSS SECTIONS 


AND ANALYZING POWERS 


1. The Differences between *He (pp) and *He (pd) 


Together with the acquisition of the p-‘He elastic 
scattering data, a large body of data on the reaction *He(p,d) 3He 
was obtained. The analysis of this data was almost identical to 
that of the elastic scattering data (Section 2.6), except for a few 
departures to be discussed below. 

An important difference between the two reactions was that 
the kinematics for the (p,d) reaction were slightly different from 
elastic scattering kinematics. For example, at 500 MeV, one position 
for the back detectors was 1549. The front detectors were then 
placed at 99, according to elastic scattering kinematics. But, the 
3He particles corresponding to 1549 deuterons are produced at 8.3° 
(or, conversely, 9° 3He's correspond to 152° deuterons). When the 
data was analyzed, however, the angular correlation of the (p,d) 
events for the FR-BL detector combination exhibited a larger off- 
set than was expected from the kinematic differences. The data for 
the FL-BR detector combination showed a smaller offset than expected. 
One possible explanation is that the proton beam passed through the 
e of approximately 0.259, caused by a curvature of 


target at an angl 


the beam by the fringe field of the main cyclotron. Alternatively, 
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a lateral displacement of the beam on target by 2-3 mm to the left 
would account for the observations. 
These effects were only significant when a large kinematic 
difference for the (p,d) events and the beam META Aad combined 
to place 3He particles, corresponding to deuterons entering a 
central MWPC window, near the edge of the FR plastic detector. (The 
two effects tended to cancel each other for the other detector con- 
bination.) In such cases, both of the defining MWPC windows were 
moved to a smaller (deuteron) angle, and the window size was decreased. 
At certain energies, the (p,d) reaction products may have 
been partially rejected by lower level Peeeimanceres At 275 and 300 
MeV, the backward deuterons had very low energies (as low as 21 MeV 
at the NaI detectors), and the Nal discriminators may have rejected 
some valid events. The forward-going 3He particles at 500 MeV also 
produced signals close to the discriminator levels on the front plastic 
scintillators. Thus, the cross sections at 275, 300 and 500 MeV 
should be regarded as lower limits only, albeit reasonably accurate 
lower limits. At both 300 and 500 MeV, the discriminator levels, 
while close, did not noticeably affect the energy spectra in question. 
At 275 MeV, however, the left (BL) NaI discriminator was definitely 


cutting into the events. Therefore, the 275 MeV cross sections were 


calculated from the BR-FL data only (and thus have a (deuteron) pro- 


‘ 0 
duction angle uncertainty of £0223 ir 
One further difference for the (p,d) data was the fact that 


events were located in a region of higher background than were the 


elastic scattering events (see Figure 19, Section 2.6). Standard 
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analysis (Section 2.6) eliminated this background, except for the 
440 MeV data. Analysis of the only target empty run at 440 MeV 

(0, = 168°) gave a background of approximately 2% of the full target 
yield, appropriately normalized. This proportion of background 
events was subtracted from each data point at 440 MeV. 

The deuterons incident on the NaI detectors had energies 
between 21 and 64 MeV, after energy losses from 9 to 15 MeV between 
the target and the Nal. The efficiencies of the NaI counters for 
detecting deuterons in this energy range were calculated from optical 
model predictions for ee total reaction cross sections for deuterons 
in sodium and iodine (Gi-77). The calculated inefficiencies ranged 
from less than 1% to approximately 5%. The associated uncertainty 
was at most 20% of the inefficiency, or less than 1% uncertainty in 


the cross section. 


Except for this efficiency uncertainty, the other uncertainties 


in the cross section, discussed in Section 3.2 for the elastic scatter- 


ing cross sections are identical for the (p,d) cross sections pre- 


sented below. The uncertainties in the 275, 300 and 500 MeV cross 


sections due to the possibility of electronic elimination of valid 


events are difficult to assess, but it is estimated that cross section 


increases of the order of 10% for these data points would be the 


maximum increases expected. 


The uncertainties in the analyzing powers are identical to 


the uncertainties in the elastic scattering analyzing powers (Section 


ae a Ie 
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2. Data Presentation and Discussion 
Se SCION ang Diseussion 


The cross sections for the reaction *He(p,d) 3He, measured 
at 275, 300, 350, 400, 440 and 500 MeV, are presented in Table 9 
and are illustrated in Figure 42 versus cos Spe and SMe 

The most striking feature of the data is the backward peak- 
ing of the cross sections. Backward peaking is evident at 275 MeV, 
and increases with energy to 500 MeV, where the peaking is quite 
sharp. This backward peaking of the cross section is in marked con- 
trast to the trend seen in the elastic scattering cross sections. 
There, the cross section angular distributions are nearly constant 
at lower energies and tend to decrease, not increase with angle, as 
the energy rises. 

Another, very significant difference between the +He(p,d) 
and tHe (p,p) cross sections is their absolute magnitude, which is 
much larger for the (p,d) reaction. This is illustrated in Figure 
43, which presents the ratio of the 180° extrapolated cross section 
for the 'He(p,d) reaction (obtained via the procedure described in 
Section 3.3) to the elastic scattering crosssection at each incident 
proton energy. 

The 3He(p,p) 2He backward cross sections have been measured 
recently at 415, 600 and 800 MeV by Frascaria et al. (Er-7 1) and cat 
156 MeV by Langevin-Joliot et al. (La-70). 


180° cross section to the 3He(p,p) *He 180° cross section at the same 


beam energy (obtained from (Fr-77)} is also presented in Figure 43. 


All the values plotted in Figure 43 are ratios of two extrapolated 


The ratio of the +He(p,d) °He 
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FIGURE 42. The differential cross sections for the reaction +He(p,d) 3He 
VS. Cos Ocm and Ocm. The lines represent an exponential fit 


to the data as a function of cos Oop. 
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reactions indicated as a function of proton energy. 
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cross sections, and thus have intrinsic uncertainties; the points 
involving the 3He(p,p) cross sections have somewhat larger uncer- 
tainties still, because of the energy interpolations between widely 
Separated data points. The trends, however, are well established. 
As is evident in Figure 43, the *He(p,d)3He and 3He(p,p) 3He cross 
sections at 180° are very close to being equal at each energy. In 
addition, the 3He(p,p) 9He angular distributions at 415 and 600 Mev 
(Fr-77) (which are very similar to each other) exhibit backward 
peaking which has approximately the same magnitude as the *He(p,d) 
angular distributions. These similarities strongly suggest that the 
two reaction mechanisms are analogous. 

A limited number of *He(p,d) %He analyzing powers were also 
measured at 350, 400 and 500 MeV; these analyzing powers are presented 
in Table 10 and are illustrated in Figure 44 (a to c) as functions 


of 0 The uncertainties illustrated are the statistical uncer- 


lab’ 
tainties only. 


The “"He(p,d) analyzing powers are negative, as were the *He(p,p) 
analyzing powers presented in Section 3.4, but are much smaller in 
magnitude than the elastic scattering analyzing powers. Another 
contrasting feature of the +He(p,d) analyzing powers is that they do 
not appear as energy-dependent as were the elastic scattering ana- 

The *He(p,d) analyzing powers are very similar at 


lyzing powers. 


400 and 500 MeV. The 350 MeV analyzing powers have magnitudes similar 


to the 400 and 500 MeV data, but exhibit a different angular de- 


pendence than the other data. This change in shape is not well es- 


tablished, however. 
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In the light of the great similarities in the backward 
cross sections for *He(p,d) and 3He(p,p), analyzing power measure- 
ments for 3He(p,p) could be very informative. A comparison between 
the analyzing powers for the two reactions in this energy region may 


significantly clarify the reaction mechanisms involved. 
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APPENDIX B 


MANDELSTAM VARIABLES 


The Mandelstam variables s, t, and u are frequently the 
most convenient variables with which to describe intermediate and high 
energy processes in nuclear and particle physics. The definitions of 
these variables and some pertinent relationships between the Mandelstam 
variables and variables associated with the center of mass system are 
presented below. Rigorous derivations of the equations are not pre- 
sented, but may be found in the references (Ha-64, Ma-70, and Wi-71) 
or in most textbooks on elementary particle theory. A system of units 
have been chosen such that f = c = 1. 

Consider the general process: 

att boc + d, 
shown in Figure 45. The particles have rest masses ml,» FOC =a, bs 
c, and d. They have three momenta dy (with magnitudes q,) and total 
energies E,, given by: 

EG fo Pai 


The particles also have four-momenta k,, defined by ky = (E, qd)» 


where: 
2 Bow 


Di ea gi Ae ee ie 
eee amie i 


An additional requirement, the conservation of energy and momentum, is: 


ies k. + ky B.3 
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FIGURE 45. A diagram of the general process a + b > c +d, in the center 
of mass systen. 
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The Mandelstam variables are defined as: 


rie . i‘ Kk)? B.4 
= = Pa ; 

t = (k, k. » and B.5 
= a 2 

es (k k) ” B.6 


The quantity s is the squared total center of mass energy of the system. 
The variable t (u) is the squared four-momentum transfer between 


particles a and c (a and d). It can be shown that: 


m2 2 2 2 
Tle te See ce ar Lee van : B.7 
Ss t u 5 ae 6 m4 


In the center of mass system (Figure 45), eq. B.5 and B.6 


become: 


t=m*+m2-2EE +2 q q' cos 0, B.8 
a GC ac 


u = Tae m7 - 2EE,-24 q' cos 0, B.9 


where 0 is the center of mass scattering angle. 

For elastic scattering (mi, =m, ™ = ma) then 
: Wible's = = Bed oie implifies to: 
lq| a lq°| =q, ETE: and Eb Eye Then, eq. B.8 simp 


t = - 2q2(1 - cos 0). B.10 


u can either becalculated from eq. B.9 or, knowing t, from equations B.4 


andes sic 


Another useful formula for t, which applies to elastic scattering 


in the laboratory system, is: 
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t= sl, Te 6 Beets 


where Ty is the kinetic energy of particle 'd' in the laboratory 
LAB 


system. 
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